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Abstract

Snow is a critical water resource for much of the U.S. and failure to ac-
count for changes in climate could deleteriously impact military assets. In
this study, we produced historical and future snow trends through model-
ing at three military sites (in Washington, Colorado, and North Dakota)
and the Western U.S. For selected rivers, we performed seasonal trend
analysis of discharge extremes. We calculated flood frequency curves and
estimated the probability of occurrence of future annual maximum daily
rainfall depths. Additionally, we generated intensity-duration-frequency
curves (IDF) to find rainfall intensities at several return levels. Generally,
our results showed a decreasing trend in historical and future snow dura-
tion, rain-on-snow events, and snowmelt runoff. This decreasing trend in
snowpack could reduce water resources. A statistically significant increase
in maximum streamflow for most rivers at the Washington and North Da-
kota sites occurred for several months of the year. In Colorado, only a few
months indicated such an increase. Future IDF curves for Colorado and
North Dakota indicated a slight increase in rainfall intensity whereas the
Washington site had about a twofold increase. This increase in rainfall in-
tensity could result in major flood events, demonstrating the importance
of accounting for climate changes in infrastructure planning.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Executive Summary

Introduction

Snow is a critical precipitation input for much of the U.S., and changes in
the amount, timing, and departure of snow impact the hydrological cycle
and can result in faster snowmelt rates that may lead to an increase in
spring flooding events. For example, the major driver for severe spring
flooding in the Western U.S. is snow meltwater (Berghuijs et al. 2016; Li et
al. 2019). Therefore, the projected increase in rain-on-snow (ROS) events
for higher-elevation snow-dominated areas could complicate flood risk as-
sessment (Musselman et al. 2018; Jeong and Sushama 2018). Model pro-
jections show an estimated reduction of persistence of snowpacks across
the western contiguous U.S. (e.g., Gleick 1987; Lettenmaier and Gan 1990;
Dettinger et al. 2004; Knowles and Cayan 2004; Stewart, Cayan, and
Dettinger 2004; Lemke et al. 2007; Elsner et al. 2010; Rupp et al. 2013;
Leung et al. 2004; Rhoades, Ullrich, and Zarzycki 2018). Any changes to
the snowpack can result in drastic hydrological changes and, as such, re-
sult in inadequate reservoir storage capacity to accommodate the shift of
the hydrograph.

Objectives

Understanding the nature of the effects of a changing snowpack at appro-
priate temporal and spatial scales remains a formidable challenge. Our
knowledge of snow on the ground is limited, especially at middle-to-lower
elevations and in landscapes where snow lingers. With a heterogeneous
snowpack, sparsely distributed snow gauges makes it difficult to collect
sufficient information about the spatial distribution of snow, particularly
in windy environments. The absence or presence of snow can be estimated
by remote sensing, but estimates of water equivalent in the snowpack are
too coarse or unreliable. Therefore, to estimate anticipated effects of cli-
mate change in snow-dominated watersheds, a modeling approach repre-
sents an attractive method and also the only possible solution to projecting
future snow distribution realistically.

The objectives of this study were (1) to investigate the timing of and in-
tensity of snow accumulation, snowmelt, and runoff for historical and fu-
ture climate scenarios at regional and watershed scales and (2) to pro-
duce historical and future intensity-duration-frequency (IDF) curves for
our study sites.
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Technical Approach

Our approach centered on observed data synthesis and modeling of snow
processes. We focused our snow accumulation and ablation characteriza-
tion at a regional scale of the Western U.S., Joint Base Lewis McChord Ya-
kima Training Center (YTC), Washington; Fort Carson, Colorado; and
Grand Forks Air Force Base (GFAFB), North Dakota. This project relied
heavily on field data collection to validate model outputs and weather infor-
mation. SnowModel (Liston and Elder 2006) was our choice of model for
snow simulations. To more accurately characterize snow distribution pat-
terns and the amount of snow on ground, we carried out spatial snow depth
and snow water equivalent measurements. We performed historical snow
simulations, including 36 years (1 September 1979 to 1 September 2015) for
the three local sites and the Western U.S. From our snow-modeling simula-
tions, we produced spatially explicit historical and future snow depth, dura-
tion, and snowmelt events. For the hydrological modeling effort, we used
the HydroFlow and variable infiltration capacity (VIC; Liang et al. 1994;
Liang, Wood, and Lettenmaier 1996) models. We compared modeled and
observed streamflow in selected watersheds at each study sites.

We calculated flood frequency curves using a statistical technique for un-
derstanding the nature and magnitude of high discharge in a river, for se-
lected subbasins in the study areas. For the selected rivers, a nonstationary
generalized extreme value (GEV) analysis allowed us to determine the
form of the nonstationarity (if one existed) that fit the streamflow data.
These models were generated for each season and averaged over the year.

We calculated rainfall intensity using the Gumbel equation and prepared
rainfall IDF curves using Gumbel’s method. We used a theoretical extreme
value distribution to fit the observations and estimated the rainfall events
for selected return periods. Lastly, we used climate models to project max-
imum annual precipitation and IDF curves at selected sites.

Results and Discussion

The focus of our project was to investigate the timing and intensity of snow
accumulation, snowmelt, and runoff at three Department of Defense
(DoD) locations experiencing snow-related transitions. We also produced
flood frequency curves and estimated the probability of annual maximum
daily rainfall depths in addition to current and future IDF curves for our
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study sites. Our approach focused on data synthesis and snow and hydro-
logical modeling. We used historical U.S. Geological Survey (USGS) dis-
charge and peak flows and performed seasonal streamflow trend analysis
for a select number of gages within each study site. We also calculated
flood return levels for the same gages. Additionally, we estimated annual
maximum daily precipitation return levels and IDF curves by using histor-
ical precipitation and climate model outputs.

In general, the Western U.S. showed a historical decreasing trend in snow
duration, ROS events, and snowmelt runoff, which could have a significant
effect if it continues. Similar results are found for the three local sites.
There is a high spatial variability of snow duration, ROS, and snowmelt
runoff trends in the local sites. The Washington and Colorado sites showed
a variability of +40 days/decade with most of the increase simulated in the
lower elevations. If this trend continues, there are areas in both sites (to
the north) where the snowpack could disappear in the next decade. In the
North Dakota site, the majority of the site showed a decreasing trend in
snow duration. During the past 36 years, the trend of ROS events was sig-
nificantly higher in the Washington site (50 days) compared to 10 days in
the Colorado site and only one ROS event in the North Dakota site. A de-
creasing trend of ROS days was seen at all three sites. The greatest 36-av-
erage snowmelt runoff was simulated for the Washington site. The snow-
melt runoff in this site ranged from 5 to 400 cm with the greatest amount
occurring in the western part of this site. The snowmelt runoff trend at this
location was also the greatest with up to +10 cm/decade. At lower eleva-
tions, this trend could result in no snowmelt runoff in the next decade. In
the North Dakota site, even though a small trend in snowmelt runoff was
simulated (+2 cm/decade), this could have a significant effect on the total
snowmelt runoff for the site because the snowmelt runoff ranged between
9 and 17 cm. The future projection showed a decreasing trend in snow du-
ration at all three sites.

We calculated maximum and minimum streamflow monthly trends for
historical observations in USGS gaged streams. All sites experienced a sta-
tistically significant increase in maximum streamflow. Rivers in the Wash-
ington and North Dakota sites indicated an increase for several months of
the year; and in Colorado, only a limited number of months experienced
an increase. Most of the increase occurred in July—September in Fountain
Creek (Colorado). At the Turkey Creek at Teller Reservoir near Stone City
(Colorado), we found a decrease in maximum streamflow for all months.
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During a majority of the months in Colorado, there was a statistically sig-
nificant increase in minimum streamflow. Further, there was a statistically
significant increase in maximum streamflow for three out of four rivers in
the North Dakota site during the July—September and October—December
time periods. In fact, there was also a statistically significant increase in
minimum streamflow for the same three rivers that showed an increase in
maximum streamflow.

For all rivers analyzed for streamflow trends, we also performed a GEV
analysis of the maximum streamflow. Through this analysis, we explored if
the historical streamflow was considered stationary (no change and con-
stant through time) or nonstationary (not constant over time). At all sites
(Washington, North Dakota, and Colorado), most rivers showed a station-
ary model. In fact, only two rivers in the Washington site, Yakima River at
Umtanum and American River near Nile, resulted in a linear nonstation-
ary model, and this was only for a shorter time period (January—March
and July—September, respectively). A nonstationary model was the best fit
for the annual average for some rivers in the Colorado site (Fountain
Creek near Fountain and Pinon and the Purgatoire River at Rock Crossing
near Tildas and near Las Animas). When looking at 3-month time periods,
six of the seven studied rivers resulted in a nonlinear stationary fit and the
timing of these varied. The GEV results in North Dakota varied both spa-
tially and temporally in three out of four rivers. Turtle River at River State
Park near Arvilla was the only river that did not result in a nonstationary
model. The linear nonstationary models in North Dakota were mainly
from July to December.

We estimated the maximum rainfall depths using Gumbel’s equation and
generated IDF curves for different return levels. Because of a great differ-
ence in values between lower and higher elevations, where a greater precip-
itation intensity is evident for higher elevations, care should be taken when
using these values for infrastructure-designing purposes. We produced an
envelope of projected annual maximum daily rainfall depths and IDF
curves by using numerous climate models from the international Coordi-
nated Regional Downscaling Experiment. There was a great variance be-
tween the 16 climate models we used for the probability of annual maxi-
mum daily rainfall depths. All sites projected highest confidence levels for
the second-generation Canadian Earth System Regional Climate Model
(CanESM2 [CanRCM4]); and the lowest confidence levels were for the Geo-
physical Fluid Dynamics Laboratory’s Earth System Weather Research



ERDC/CRREL TR-21-8 XXi

Forecasting Model (GFDL-ESM2M [WRF]), GFDL’s Earth System Regional
Climate Model (GFDL-ESM2M [RegCM4]), or the Max Planck Institute for
Meteorology’s Earth System WRF Model (MPI-ESM-LR [WRF]).

The annual maximum daily precipitation projected in the Washington site
(Yakima International Airport) is higher than historical. In fact, the high-
est projected annual maximum daily precipitation at this location is about
two times more than historical values at a return period of 100 years. In
comparison, the annual maximum precipitation in the Colorado and North
Dakota sites indicated similar values for projected annual maximum daily
precipitation. Do note that the range between lower- and upper-boundary
confidence levels at a return period of 100 years was wide: 160 mm at Col-
orado and 100 mm at North Dakota. This is about a 70% and 35% increase
of the upper-boundary confidence level.

There was further a great difference in both historical and future IDF
curves between locations, again requiring caution when using them for de-
signing of infrastructure. For example, at Yakima Airport, the IDF curves
showed a rainfall intensity of less than 50 mm for a duration of 1 hour and
a return period of 100 years. At Stampede Pass, this value was almost

220 mm. In the Colorado site, there was also a wide difference in IDF
curves. The rainfall intensity for the 1-hour duration, 100-year return pe-
riod at Colorado Springs Municipal Airport was almost double that at
Rocky Ford 2 SE. Similarly, at the North Dakota site, the IDF curves
ranged for the different locations.

The future IDF curves varied, where the greatest difference was found at
YTC, Washington, with a twofold increase at a 1-hour duration for the 100-
year return period when compared to the current climate. The future IDF
curves at Fort Carson and GFAFB are similar to current climate when com-
paring to the trend line. Even though the projected trend line indicated
similar rainfall intensity as current climate, it should be recognized that the
range of rainfall intensity values for this return period varied greatly be-
tween models. At Fort Carson, there was about a 2.5 times difference be-
tween the model that produced the lowest and highest rainfall intensity.
The difference between the models at GFAFB was close to 1.5 times.

Implications for Future Research

Estimating snow distribution and snowmelt runoff over different land-
scapes remains a formidable challenge. Increasingly, models are used to
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identify precipitation patterns; but validation of models through field
measurements is labor intensive, and there is a great need to develop
more-streamlined methods. To explore this, we investigated several other
methods that could be developed further to help with this research gap.
We found that remote-sensing imagery, snow-pattern identifications, and
photogrammetry analysis have great potential to improve modeling out-
puts. We therefore recommend that future efforts explore these methods
to help close this research gap and to make the process more efficient.

The natural and human-caused fires at YTC is shifting areas of the land-
scape that is dominated by sagebrush steppe toward annual and perennial
grasslands. Deep winter snowpacks are required to recharge local aquifers,
replenish soil moisture, and to reestablish native plant communities (in-
cluding sagebrush) following fires. We recommended further research ex-
ploring impacts of snow on sagebrush (Artemisia tridentata) and greater
sage-grouse (Centrocercus urophasianus) and their interactions. Moreo-
ver, we identified a need to better understand fire, snow, and loss of sage-
brush to help protect the greater sage-grouse on the military range.

This study advances the understanding of a spatial snow and runoff clima-
tology of past and future projections at a regional scale and at selected mil-
itary installations. Not only are the presented streamflow analysis and pre-
cipitation-intensity estimates for our study sites important for infrastruc-
ture planning and risk assessments, but our methods are also transferable
to a myriad of locations where snowmelt and its subsequent runoff present
infrastructure challenges. Additionally, this work provides a new under-
standing of IDF curves in a changing climate. Overall, the work presented
helps DoD define impacts from a changing climate, providing the infor-
mation necessary to develop mitigation or adaptation strategies and lower-
ing operational costs.
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1.1

Introduction

Background

Snow is a major component of the hydrological cycle, and any change in
timing and duration could lead to a negative outcome for locations that de-
pend on snow for water resources. Long-term analyses of snow accumula-
tion and ablation suggest that substantial shifts in snow amount, character-
istics, timing, and duration have been occurring in the Northern Hemi-
sphere (Edwards, Scalenghe, and Freppaz 2007; Stewart 2009; Liston and
Hiemstra 2011b; Derksen and Brown 2012; Hall et al. 2015). Some areas
have declining snowpacks, while others have increasing snow depths
(Raisanen 2008; Liston and Hiemstra 2011a). Most areas have shorter
snow duration (Brown and Robinson 2011; Derksen and Brown 2012), yet
indications are that a warmer atmosphere laden with water can lead to
deeper snowpack quantities or large snowfall events in regions where tem-
peratures remain low enough for precipitation to fall as snow (Groisman et
al. 2005; Raisanen 2008). Mote et al. (2005) reported widespread decline
in springtime snow water equivalent (SWE) in much of the North American
West from 1925 to 2000. An updated study by Mote et al. (2018) found a
continuing declining trend across all months, states, and climates, with a
decline at 90% of the snow monitoring sites. Since 1915, they estimate that
there has been a 21% decrease in the Western U.S. snowpack. Knowles
(2015) reported a decline in total snow duration for the Western U.S. and
an increase for the Great Plains and southern Rockies for 1950—2010.

Snow will melt at an earlier date in a warmer climate, and this is occurring
at many locations (Cayan et al. 2001; Stewart, Cayan, and Dettinger 2004;
Mote et al. 2005; Gergel et al. 2017). Since the 1970s, the onset of snow-
melt in parts of the Western U.S. has been occurring 6 to 26 days earlier
(Hall et al. 2015). It has been projected that climate change will continue
to reduce the volume and persistence of snowpacks across the western
contiguous U.S. (e.g., Gleick 1987; Lettenmaier and Gan 1990; Dettinger et
al. 2004; Knowles and Cayan 2004; Stewart, Cayan, and Dettinger 2004;
Lemke et al. 2007; Elsner et al. 2010; Rupp et al. 2013; Leung et al. 2004;
Rhoades, Ullrich, and Zarzycki 2018). Lute, Abatzoglou, and Hegewisch
(2015) predicted a decline in snowfall days and snowfall water equivalent
will occur in the Western U.S. by the mid-twenty-first century. In snow-
melt-dominated rivers, there has been a shift in spring runoff of up to 3
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weeks earlier over the past 50 years (Stewart, Cayan, and Dettinger 2005).
In a warming climate, maximum spring streamflow in the Western U.S.
has been predicted to peak approximately 1 month earlier in the year (e.g.,
Barnett, Adam, and Lettenmaier 2005).

As described, mounting evidence indicates that changes in snowpack have
noticeable hydrological impacts in the Northern Hemisphere (Mote et al.
2005; Yang et al. 2007; Stewart 2009; Clow 2010; Pederson et al. 2011;
Derksen and Brown 2012; Gan et al. 2013; Li et al. 2017). Snow is hetero-
geneously distributed, and current methods of calculating snow are too
coarse or unreliable to meaningfully assist decision-makers. However,
snow is a critical precipitation input for much of the U.S.; and changes in
its amount, timing, and departure impact water and energy budgets as
well as ecosystems (Barnett, Adam, and Lettenmaier 2005).

Across the Western U.S., snow meltwater is the major driver for severe
spring flooding (Berghuijs et al. 2016; Li et al. 2019). Moreover, rain-on-
snow (ROS) events during winter can cause peak flow events during what
is normally considered a low-flow period (Berghuijs et al. 2016; Villarini
2016). This fact complicates flood risk assessments and requires further
research (Musselman et al. 2018; Jeong and Sushama 2018). Importantly,
failure to account for these changes in snow could result in deleterious
military mission and asset impacts.

Understanding the nature of these impacts at appropriate temporal and
spatial scales remains a formidable challenge. Satellite remote sensing
does well in determining if snow is absent or present, but estimates of wa-
ter equivalent in the snowpack are too coarse (e.g., microwave remote
sensing with 25 km* horizontal resolution) or unreliable. Specifically in
mountainous regions, obtaining reliable SWE estimates is extremely chal-
lenging (Bormann et al. 2018). Gauge networks can tell us about precipita-
tion falling out of the sky (Rasmussen et al. 2012), but sufficient infor-
mation about the actual distribution of snow on the ground is lacking, es-
pecially in windy environments. Snowpack Telemetry (SNOTEL) networks
can estimate snow on the ground, but they are sparsely distributed and
constrained to higher-elevation mountain watersheds. At middle-to-lower

* For a full list of the spelled-out forms of the units of measure used in this document, please refer to
U.S. Government Publishing Office Style Manual, 31st ed. (Washington, DC: U.S Government Publishing
Office, 2016), 248-252, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-
STYLEMANUAL-2016.pdf.
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elevations and in landscapes where snow lingers, snow is generally not
monitored (e.g., the Great Plains), making it difficult to estimate the snow-
pack. Moreover, there is no way to reasonably extrapolate snow gauge and
snow remote-sensing observations into the future. Therefore, a snow-
modeling approach, if trained by coincident observations, represents an
attractive way forward in estimating anticipated climate change impacts in
snow-dominated watersheds.

Objectives

The objectives of this study were (1) to investigate the timing and intensity
of snow accumulation, snowmelt, and runoff for historical and future cli-
mate scenarios at regional and watershed scales and (2) to produce histor-
ical and future intensity-duration-frequency (IDF) curves for our study
sites: Western U.S., the Joint Base Lewis McChord Yakima Training Cen-
ter (YTC), Washington; Fort Carson, Colorado; and Grand Forks Air Force
Base (GFAFB), North Dakota (Figure 1-1). At the Western U.S. site, the
Federal Government manages vast tracts of land, ranging from National
Parks to military installations and flood control projects (Figure 1-1 show
only Department of Defense [DoD], Department of Energy, and Bureau of
Reclamation projects). Our study locations (YTC, Fort Carson, and
GFAFB) include different climates, vegetation, and snow environments as
defined by Sturm, Holmgren, and Liston (1995). Additionally, YTC also ex-
perience extreme snowmelt events most often initiated by rain on frozen
ground (Wigmosta et al. 2009). Fort Carson and the high plains have ex-
perienced a dramatic decline in spring snow cover over the last 50 years
(Brown and Robinson 2011), and it is on the southern edge of the 50%
snowmelt runoff estimate. The Grand Forks area experiences chronic
flooding tied to snowmelt, with notable recent flooding events occurring in
1997, 2009, and 2013.

We had two main research questions addressed during this study: (1) How
are snow accumulation and snowmelt changing? (2) How are these
changes manifesting at local scales where they may impact landscapes and
infrastructure? Snow accumulation and ablation characteristics are chang-
ing in most watersheds, and failure to account for these changes could re-
sult in expensive military mission and asset impacts.
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Figure 1-1. The Western U.S. study area (green) spans many western states and includes
areas where snow is the primary source of runoff. Three local-scale study areas (ye/low) are
centered on military installations located in three different snow environments.
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The technical objectives of this study addressed the Strategic Environmen-
tal Research and Development Program (SERDP) Resource Conservation
(RC) and Climate Change Program area statement of need (SON) (SERDP
2013). Specifically, we are advancing the Department of Defense’s ability
to manage and adapt to winter and spring runoff events: “developing im-
proved understanding of and responses to changes in the timing and in-
tensity of snowmelt and subsequent run-off events” (SERDP 2013).

The expected benefits of the proposed system also address RCSON 15-02
goals, including generating next-generation IDF curves and changes in
snowmelt-driven runoff events associated with specific regions and appli-
cations that address future DoD management challenges. In alignment
with the background section of RCSON-15-02, this project focuses on how
precipitation (rain and snow) may change with time and location in re-
gions of interest to DoD and other Federal and State Agencies (Figure 1-1).
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Approach

This project was performed by the Cold Regions Research and Engineering
Laboratory (CRREL), Colorado State University, and Los Alamos National
Laboratory; and our approach centered on observed data synthesis and
modeling of snow processes. Using distributed, physically based models
was an ideal approach to assess snow changes in recent decades and is the
only method that yields snow and snowmelt projections for coming dec-
ades. This project included snow and hydrological modeling in our areas of
interest (Figure 1-1). We produced spatial historical and future snow
depth, duration, and snowmelt event trends by performing snow accumu-
lation and ablation simulations for the Western U.S., Washington, Colo-
rado, and North Dakota sites. The North Dakota site also included parts of
Minnesota, but we will call this site North Dakota hereafter. We also per-
formed hydrological modeling in the three sites to produce discharge from
rivers within the local sites. Additionally, we integrated our snow-model
results into the runoff model and performed snow-model verification us-
ing observations. We calculated flood frequency curves for river flow at our
sites. Changes in hydrological extremes were explored by using trend anal-
ysis of flows (minimum and maximum). We also analyzed streamflow us-
ing nonstationary generalized extreme value (GEV) theory. Using the
Gumbel’s method, we calculated maximum rainfall depths for numerous
meteorological stations at each site. IDF curves were produced using a the-
oretical extreme value distribution that was used to fit the rainfall event
observations and the theoretical distribution associated with the given ex-
ceedance probabilities. Finally, we also made future projections of snow
duration, probability occurrence of maximum annual precipitation return
levels, and IDF curves.
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Methods

Field measurements

Field measurements were needed to validate snow-model outputs (section
2.3). We relied on spatial sampling of different landscapes to more accu-
rately characterize snow distribution patterns and the amount of snow on
the ground (as opposed to gauge measurements). Snow observations were
a primary focus of our field efforts and largely supported fine-scale snow
modeling and informed validation efforts. Observations spanned three
consecutive winters (2015-2016, 2016—2017, and 2017—2018) and em-
ployed two different approaches. First, a snow-depth time-series approach
used time-lapse cameras and incremented stakes to record daily snow
depths in a variety of sites at each installation. In addition, a midwinter
spatially distributed snow measurement campaign occurred where a num-
ber of depths and snow-density profiles were observed over several days.

Three Wingscapes TimelapseCam Pro snow cameras (Dickerson-Lange et al.
2015) were installed at each location (YTC, Washington; GFAFB, North Da-
kota; and Fort Carson, Colorado) in fall 2015 to collect three daily (11 a.m.,
12 p.m., and 1 p.m. local time) field-site photos. The resolution of these bat-
tery-operated cameras was 10 megapixels. The cameras pointed toward in-
cremented snow stakes indicating heights above the ground surface in 5 cm
marked intervals (Figure 2-1). From these pictures, we noted daily snow
depths. At YTC, Washington, we installed a meteorological station with a
snow-depth sounder to augment the cameras and to ensure reliable weather
data as there were no other nearby stations at similar elevations.

To accurately measure snow and the amount of water present, sampling
for snow depth and density must occur (Judson and Doesken 2000). Be-
cause snow depths vary more over landscapes than snow density does
(Sturm et al. 2010), we weighted our sampling approach to favor extensive
snow-depth measurements and a limited density sample. We completed
snow-depth and snow-density measurements at multiple sites within each
local area during the 2015—2018 snow seasons, working to capture snow
variability between landscapes and peak snow accumulation. We used a
Magnaprobe to take snow-depth measurements along transects located
within different terrain types (Sturm 2009; Sturm and Holmgren 2018).
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Figure 2-1. Time-lapse camera and 5 cm incremented snow stakes for
measuring snow depths.

The transects included different snow types, topography, and vegetation.
SWE measurements were performed in selected snow pits (Figure 2-2) by
using density cutters that sampled a volume of snow (250 and 1,000 cms3)
every 10 cm along a vertical snow profile. Samples were weighed to calcu-
late column water content. Temperature data were also collected in the
snow pits every 10 cm to assess the thermal state of the snow.

Figure 2-2. Snow-depth and snow-density field measurements.
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Field installations
2.2.1 YTC, Washington

We installed a meteorological station (CRREL station) on a ridge in the
Saddle Mountains (1,143 m elev.) at YTC (easting = 0714397; northing =
05193693) on 3 December 2015 (Figure 2-3). Measurements collected in-
clude air temperature (at 1.8 m), relative humidity (at 1.8 m), wind speed
and direction (at 3 m), and snow depth (sounder mounted at 1.5 m, meas-
uring down to the surface). Minute-level data were stored in 15-minute av-
erages in a data logger (Campbell Scientific CR1000). The tower was pow-
ered with two 12 V batteries and a solar panel; data were stored at the
tower until they could be downloaded.

At the general location of the meteorological station, three time-lapse cam-
eras were also installed. One camera was on the tower (Tower) of the me-
teorological station, observing stakes on the windswept ridge (Figure 2-
3a); a second camera was installed on the north slope (North) of the ridge
(Figure 2-3b) immediately downhill, observing a large drift that lasted well
into spring; and the third camera (Valley overview) gave an overview of
the valley north of the meteorological tower.

Figure 2-3. (&) Meteorological station (CRREL station) and
time-lapse camera (Tower) and (b) time-lapse camera north
(North) of the meteorological station at YTC, Washington.
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2.2.2 Fort Carson, Colorado

At Fort Carson, Colorado, we installed three cameras (Figure 2-4) on
training ranges with relatively easy access. This included a site that had
grassland and sparsely forested area (Gate 12). At Turkey Creek, two up-
land cameras were installed. One camera (Turkey Creek North) observed a
ridgetop grassland, and the other (Turkey Creek South) observed grass-
land adjacent to a pinyon pine (Pinus edulis) forest.

Figure 2-4. Time-lapse cameras at Fort Carson, Colorado.

Turkey Creek South |

2.2.3 GFAFB, North Dakota

At GFAFB in North Dakota, we installed two cameras within the installa-
tion boundary (Figure 2-5). This included a site at a capped landfill
(GFAFB Landfill) and a restored prairie site (GFAFB Prairie). The largest
influence on snow from the landfill is mowing; the short vegetation stature
in a windy environment tends to lose snow, and the area is among the
shallowest snowpacks we measured. Because the installation land cover
does not represent the larger site and GFAFB is relatively small, we also
utilized nearby research lands owned by the University of North Dakota
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(UND). The Mekinok site (UND Mekinok), located west of GFAFB, is dom-
inated by tilled agricultural lands that represent the majority of the site’s
land cover type. For our manual snow-depth collection, we also included
Oakville Prairie field station that is operated by UND. The Oakville Prairie
site, located southeast of GFAFB, is preserved prairie that has never been
tilled and is representative of a grassland environment.

Figure 2-5. Time-lapse cameras at GFAFB, North Dakota.

GFAFB Landfill

UND Mekinok
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2.3

Snow-modeling simulations

For our snow-modeling effort, we used a spatially distributed model
(SnowModel; Liston and Elder 2006; appendices listed in Liston et al.
2020). This model requires meteorological measurements in addition to
topography and vegetation. For the local sites and the Western U.S., a his-
torical time period of 1 September 1979 to 1 September 2015 for the Snow-
Model simulations was used. Topography data required for snow-model
simulations were obtained from the National Elevation Database (accessed
at https://www.usgs.gov/ core-science-systems/national-geospatial-program/national-ma ) We ob-
tained land cover data for the snow-model simulations from the National
Land Cover Dataset (Homer et al. 2007) and converted to SnowModel
classes for the simulations.

Meteorological data from the National Aeronautics and Space Administra-
tion’s North American Land Data Assimilation System (NLDAS; accessed
at https://disc.gsfc.nasa.gov/ datasets?keywords=NLDAS) was used to drive the Snow-
Model simulations. We used a variety of atmospheric and precipitation
measurements and surface meteorology reanalyses. NLDAS was available
on a 1/8-degree grid, and retrospective NLDAS datasets extend back to
January 1979. We aggregated 1 hr NLDAS atmospheric forcing data to 3-
hourly data for the SnowModel simulations.

The local-scale simulations used a grid cell of 300 m, and the Western U.S.
simulations used 1,000 m grid cells. Snow duration, ROS events, SWE,
and snowmelt-runoff graphs were produced from these simulations. To
validate the larger-scale snow model (300 m), a finer-scale snow model
(30 m) was simulated for the Washington and North Dakota sites. The
time step used in the simulations was 1 hr. Because of the limited snow-
pack in 2017-2018, only 2 years were simulated for the Washington site
(2015—2016 and 2016—2017). At North Dakota, we simulated 3 years
(2015-2016, 2016—2017, and 2017—-2018). Because of the lack of snow at
the installation level at Fort Carson, Colorado, we did not perform fine-
scale simulations. These snow models were used in conjunction with the
field measurements to validate the snow model at these sites. Snow-mod-
eling verification occurred through field measurements where we
resampled observations to snow-model-resolution scales (30 m), then re-
served approximately 15% of our field measurements to form a verification
dataset. The reserved snow measurements were compared directly against
snow-modeling analyses to assess whether our snow-modeling approach
was realistic and satisfactory for modeled processes.
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The size of the Western U.S. site simulation encompassed all three local
sites. The total area of this site was 3,459,356 km2 (Figure 1-1). Figure 2-6
shows the topography and SnowModel land cover classes for this site.

Figure 2-6. (a) Topography where color indicates elevation in meters and (6) SnowModel land
cover classes for the Western U.S. site.
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The SnowModel site that encompassed the YT'C, Washington, training area
was about 50,600 kmz2, which, with a grid cell of 300 m, resulted in 561,750
grid cells (nx = 875, and ny = 642). The elevation of this site ranged from
sea level to 3,000 m (Figure 2-7a). Coniferous forest (higher elevations),
upland shrubs, and croplands (Figure 2-7b) dominated this area.

Figure 2-7. (g) Topography and (6) SnowModel land cover
classes for the Washington site. The b/ack solid line in (&)
outlines the watershed boundary for the hydrological
modeling and in (b) the fine-resolution snow-modeling
boundary. The closed triangle indicates the U.S. Geological
Survey (USGS) outlet (12500450). The location of the CRREL
meteorological station is illustrated with the black dot.
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The snow-model area that encompassed Fort Carson, Colorado, was
53,200 kmz2. With a grid cell of 300 m, this resulted in 591,552 grid cells
for this site (nx = 711, and ny = 832). The elevation of this site spanned



ERDC/CRREL TR-21-8

14

from 1,200 to 4,300 m at Pikes Peak (Figure 2-8a). Grassland with some
tall crops and upland shrublands at lower elevations (Figure 2-8b) domi-
nated this area. Higher elevations consisted largely of coniferous forest up-
land shrubs and tall crops.

Figure 2-8. (a) Topography and (6) SnowModel land
cover classes for the Colorado site. The black solid line
outlines the watershed boundary used for the HydroFlow
modeling, and the blacked dashed line outlines the
Variable Infiltration Capacity (VIC) watershed boundary.
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The North Dakota site that encompassed the GFAFB was the smallest,
with an area of 43,500 km2 (483,003 grid cells, nx= 801, and ny = 603).
Out of the three snow-modeling sites, it also had the lowest topographic
relief, with elevations of 250—550 m (Figure 2-9a). Mainly croplands dom-
inated this site; but deciduous forest, wetland shrub, and some grasslands
were also present (Figure 2-9b).

Figure 2-9. (a) Topography and (6) SnowModel land
cover classes for the North Dakota site. The black solid
/inein (&) outlines the watershed boundary for the
hydrological modeling and in (b) the fine-resolution snow-
modeling boundary. The closed triangle indicates the
USGS outlet of the modeled watershed.
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2.3.1 Snow-model validation using SNOTEL and metorological data

We compared the measured SWE at SNOTEL stations, snow depth (con-
verted to SWE) at meteorological stations, and model SWE outputs (Snow-
Model and VIC) for snow-model validation. We identified fourteen
SNOTEL stations within the Washington site (Figure 2-10 and also Table
A-1in Appendix A.1). Data for the Washington site was retrieved from the
Natural Resources Conservation Service database. In the Colorado and
North Dakota sites, one and zero SNOTEL stations existed, respectively.
Therefore, snow-depth measurements at meteorological stations were
used for snow-model validation. Snow depths were converted to SWE by
using a mean assumed snow density of 300 kg/ms3. For the Colorado site,
these measurements were downloaded from the Midwestern Regional Cli-
mate Center. Seventeen meteorological stations (including one SNOTEL
station) were used for snow-model validation in the Colorado site (see Fig-
ure 2-11 and also Table A-2 in Appendix A.1). No SNOTEL stations were
available in the North Dakota site, which resulted in 11 meteorological sta-
tions used for the SWE validation (see Figure 2-12 and also Table A-3 in
Appendix A.1). Only one station reported SWE (GFAFB), and SWE was
converted from snow depth (see description earlier in this paragraph) at
the other meteorological stations.

Figure 2-10. Washington Hydrologic Unit Code (HUC) 8 watersheds and their
gages were assessed for flood frequency and streamflow trends. SNOTEL
stations and meteorologijcal stations were used for SWE validation in the

Washington site. Annual maximum daily precipitation depths were calculated
for the meteorological stations. Appendix A.1 lists the station details. The

different colors represent watershed for the USGS stations. Some subbasins

are overlapped; and therefore, the entire basin may not be shown.
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Figure 2-11. Colorado HUC 8 watersheds and their gages were assessed for flood frequency

and streamflow trends. SNOTEL station and meteorological stations were used for SWE

validation in the Colorado site. Annual maximum daily precipitation depths were calculated for

the meteorological stations. Appendix A.1 lists the station details. The different colors

the entire basin may not be shown.
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2.4

2.3.2 Future snow projections

For the future snow-model simulations, we forced our simulations with a
high-resolution (4 km grid spacing) climate change dataset produced and
available online by Rasmussen and Liu (2017). They used the Weather Re-
search and Forecasting (WRF) model that permitted convection and re-
solved mesoscale orography, and they generated two 13-year simulation
datasets: a historical control run (current-climate lateral [CTL]), and a
pseudo-global-warming simulation (PGW). Several studies have evaluated
precipitation output from the CTL model against observations (e.g., Dai et
al. 2017; Liu et al. 2017; Prein, Liu, et al. 2017; Prein, Rasmussen, et al.
2017; Raghavendra et al. 2019). We produced one CTL (current) and one
PGW (future) snow-model simulation. From these simulations, snow-du-
ration maps of the three local sites were produced and subtracted to quan-
tify the difference between the current and future climate.

Hydrological simulations

We used two models for the hydrological modeling effort. HydroFlow
(Liston and Mernild 2012), a module of SnowModel (Liston and Elder
2006), is a gridded runoff routing model that uses the SWE and runoff
output from SnowModel to calculate discharge. The second model, VIC, is
a macroscale hydrologic model often used to simulate climate change im-
pacts on coarse-scale basins (Liang et al. 1994; Liang, Wood, and
Lettenmaier 1996). Our study forced this hydrologic model using the
Livneh et al. (2013) soil and meteorological data from 1950 to 2010.

We compared modeled and observed daily streamflow on individual sub-
basins selected based on available flow data. Three HUC 8 watersheds
(Upper Yakima, Naches, and parts of Lower Yakima) encompassed the
simulated watershed in the Washington site (Figure 2-7). The total area
was 9,465 km2, and the simulated discharge for this site was compared to
the USGS gage (12500450) at Yakima River above Ahtanum Creek at Un-
ion Gap (see Table A-4 in Appendix A.1).

The HUC 8 watershed (Purgatoire) that encompasses the Purgatoire River
in the Colorado site was the largest watershed, with an area of 8,948 km?2
(Figure 2-8). This also includes most of the Pifion Canyon Maneuver Site.
The simulated discharge using HydroFlow for this site was compared to
the Purgatoire River near Las Animas (PTLA) USGS gage (07128500). The
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VIC model was used to simulate the Fountain Creek discharge near Pifion
(07106300), which was in the Fountain HUC 8 watershed.

The HUC 8 Turtle watershed was located in the North Dakota site, and the
area of the modeled watershed was 672 km2 (Figure 2-9). The simulated
discharge for this site was compared to the Turtle River USGS station at
the Turtle River at Turtle River State Park near Arvilla (05082625).

Flood and seasonal flow and trend analysis

We calculated flood frequency curves and streamflow trends using USGS
maximum annual peak flows and discharge values. Flood frequency is a
statistical technique to quantify the nature and magnitude of river dis-
charge (Q). Statistical flood frequency curves were first introduced by
Gumbel (1941) and are commonly referred to as extreme value distribu-
tions or Gumbel’s equation. Design-flow values corresponding to specific
return periods (7) can be used for hydrologic planning and design pur-
poses. A return period is the inverse of the probability that an event will be
exceeded in a given year (e.g., it provides an estimate of the likelihood of
any event occurring in a year). For example, the 100-year return period
flow value has a 1% chance that it will be exceeded in one year. This statis-
tical tool is used to create flood frequency estimates that quantify intensi-
ties of flood events. The Gumbel’s equation for annual extremes can be ex-
pressed as

Qt =u + KTUv (1)

where

Q: = the exceedance value;
[ = mean,;
o = standard deviation;
T = return period in years; and
the Log Pearson frequency factor, which is

Kr

Ky =2 [0.5772 +Inin (%)” 2)

Our flood discharge frequency estimates were performed on recorded peak
flows at USGS gages in subbasins of our three sites (Figure 2-10 to Figure
2-12). Two areas in the Colorado study site were analyzed, with one area
encompassing Fort Carson and the other area including Pinon Canyon Ma-
neuver Site. Peak flows at the USGS gages were recorded as early as 1900
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and through 2019 (see Table A-4 to Table A-6 in Appendix A.1), and basin
sizes ranged from 60 to 9,000 km2. We downloaded the USGS recorded
peak values from the National Water Information System, and these val-
ues were retrieved through the USGS “dataRetrieval” R package.

A specialized version of the GEV theorem was applied to streamflow values
to develop nonstationary curves. We used the R Project’s Generalized Ex-
treme Values conditional density estimation network package (Cannon
2010, 2011) to determine discharge stationarity (S), linear nonstationarity
(LNS), or nonlinear nonstationarity. Nonstationary GEV analyses were
generated for each quarter and averaged for the calendar year.

Probability of occurrence of annual maximum daily precipitation
and intensity frequency curve analysis

We used the Gumbel’s equation to derive the maximum precipitation for
meteorological stations at the three sites (Figure 2-10 to Figure 2-12; see
Table A-7 to Table A-9 in Appendix A.1). The earliest start year was 1894,
and analysis was performed only for stations that included at least 20
years and where no full month was missing in the historical data. The
analysis included precipitation if the air temperature was above freezing.
For stations where air temperatures were not available, only values when
the snow depth was zero were included. Data was downloaded from the
National Centers for Environmental Information online repository
(https://www.ncei.noaa.gov/). Additionally, for the meteorological stations in each
site, we prepared rainfall IDF curves using a theoretical extreme value dis-
tribution (e.g., Gumbel Type I, which is based on the minimum or maxi-
mum distribution of a number of samples with various distributions) and
calculated return periods of 2, 5, 10, 25, 50, and 100 years and durations of
1 hr to 24 hr.

Given the large uncertainty that exists in projected rainfall intensity from
climate models, we used daily air temperature and precipitation outputs
from 16 regional climate models (RCMs; Mearns et al. 2017) to calculate
future annual maximum daily precipitation and to prepare future IDF
curves. The selected models were RCP8.5 (Representative Concentration
Pathway 8.5) models. The grid cell (0.22° native rotated-pole grid) closest
to the center of each Installation (YTC in Washington, Fort Carson in Colo-
rado, and GFAFB in North Dakota) was chosen for the output, and the
time period included years 2006—2100. Only precipitation that occurred
when air temperatures were above 0°C were included in the analysis.
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Results and Discussion

Western U.S.

The Western U.S. 36-year average core snow season (Liston and Hiemstra
2011b) duration from our snow modeling results includes snow-free desert
basins to high-elevation permanent snow (Figure 3-1a—c). The longest
snow durations were in the mountainous areas of the Rocky Mountains,
the Coast Range, the Cascades, and Sierra Nevada range. There was a de-
creasing trend of up to 20 days/decade in the Sierra Nevada range and the
Cascades, but an increase of up to 20 days/decade was simulated in the
Rocky Mountains. There was also an increase of snow duration up to 20
days/decade in the plains of Montana, North Dakota, and South Dakota.
The yearly and area-averaged snow duration decreased by 10 days over the
36 years in the Western U.S. site.

The 36-year average number of ROS events was highest (40 days) in the
Cascades, the Coast Range, and a small part of the northern Rocky Moun-
tains (Figure 3-1d—f). The Sierra Nevada and Rocky Mountains also had a
high number of ROS events. The trend of ROS events decreased by 4
days/decade in most of the Cascades, Sierra Nevada, the Coast Range, and
parts of the southern Rocky Mountains. An increase of 4 days/decade can
be seen in the northern part of the Rocky Mountains and in some of the
Cascades. A general decrease of ROS events (1 day) was seen for the site
over the 36-year period.

The 36-year average snowmelt-runoff maximum for the Western U.S. site
was 300 cm (Figure 3-1g—1). The model showed the highest runoff in the
mountain ranges. At the Cascades and the Coast Range, we simulated a de-
crease up to 20 cm/decade in snowmelt runoff. There was a 20 cm/decade
increase in snowmelt runoff in the Rocky Mountains. A snowmelt-runoff
decrease of 4 cm was seen for the Western U.S. site during the 36-year
simulation.



Figure 3-1. (a) The 36-year average snow duration during the core snow season (days) for the Western U.S. site, (6) the trend in snow-cover duration
(days/decade), and (¢) yearly and area-averaged snow duration for the simulation in (8) and (b). (&) The 36-year average ROS events (days), (€) the
trend in ROS events (days/decade), and (# yearly and area-averaged ROS events (days) for the simulation site in (a) and (e). (g) The 36-year average
total annual water equivalent snowmelt runoff (cm), (/) the trend in snowmelt runoff (cm/decade), and (/) yearly and area-averaged total annual
snowmelt runoff for the simulation site in (g) and ().
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3.2 Washington
3.2.1 Field measurements, Washington

The average tower air temperature in 2016 and 2017 was 7.1°C. The lowest
air temperature measured during this time was —17.7°C and occurred in
early January 2016 (Figure 3-2). The prevalent wind direction was from
the west. The highest recorded wind speeds were 32 m/s (19 October
2017), which is equivalent to 115 km/hr (whole gale). The wind sensor
broke off of its mount in February 2017, resulting in missing wind velocity
data for 6 months.

Figure 3-2. (a) Air temperature, () wind direction, and (¢) wind velocity at
the YTC meteorological tower.
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Figure 3-3 shows the daily snow depths during 2015—-2018 from the Sad-
dle Mountains’ tower-mounted sonic sounder (Tower Sounder) and its
time-lapse cameras (Tower). All years exhibited different snow accumula-
tion and melt characteristics. Additionally, in this ridgetop environment,
snow was scoured from ridgetops where the tower was located, accumulat-
ing into drifts on the north-facing slope (North). Tower and North peak
snow depths do not occur at the same time in all years. In 2015-2016,
Tower and North site snow depths were highest in late January at 25 and
68 cm, respectively. The following winter brought shallower snow at the
Tower, peaking near 1 February 2017; however, the drift managed to accu-
mulate snow (over 120 ¢cm) until mid-March 2017. The sounder at the
tower tracks snow depth similar to the Tower time-lapse camera. Compar-
ing years, the 2015—2016 season peaked in midwinter; 2016—2017 had a
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late accumulation into spring, and 2017—-2018 had intermittent shallow
snow all winter. The 2017—-2018 winter had no snowpack or cover, with no
snow observed 14—15 February 2018. Subsequently, snow-depth data are
missing from the North site from 14 February onward.

Figure 3-3. Daily snow depths as measured at the windswept tower (both from the sounder
and time-lapse camera) and at the time-lapse camera at the North drift site at YTC,
Washington, in 2015-2018.
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During the 2015—2016 field campaign, we visited eight locations for man-
ual snow measurements 1—2 February 2016. This included a larger area lo-
cated in the vicinity of the meteorological tower, and the other locations
were opportunistically measured in the southern part of the installation
along the higher elevations of Yakima Ridge (Figure 3-4) where training
was not being conducted. The sample locations measured were primarily

sagebrush dominated (Artemisia tridentata), but we also measured bare
and grassland sites.

About 5,800 snow depths were measured at this location in winter 2015—
2016 (Figure 3-4a). The average snow depth was 31.7 cm and ranged from
0 to 230 cm. Seventy-nine SWE samples were collected, and the mean SWE
was 102.4 mm. The snow density ranged between 250 and 412 kg/ma3.
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Figure 3-4. Snow depths and measurement locations during the (g) 2015-2016 and
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Nearly 10,250 snow depths were observed at YT'C on 24—25 January 2017
(Figure 3-4b). Unlike the previous year, which was measured later in the
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season, snow was more widespread, even at lower elevations; but snow
depths were shallower overall. In addition, we made a more substantial ef-
fort to measure snow around the meteorological tower. The average snow
depth was 23.1 cm and spanned 0 to 120 cm. We collected 102 SWE sam-
ples, and the mean SWE for the 16 pit locations was 61 mm. Snow density
values were between 170 and 372 kg/ma3.

3.2.2 Snow model (VIC and SnowModel) validation, Washington
3.2.2.1 Snow-model validation to field measurements, Washington

An analysis of the SnowModel to field data shows that monthly snow
depths were highly variable between years and dates (Figure 3-5). Snow
was shallow overall in winter 2016 compared with 2017. Snow arrived later
in 2017, after measurements in January 2017 (section 3.2.1), but lasted
much longer. We withheld from assimilation a 15% subset of depth obser-
vations, converted the subset to SWE, and compared it with coincident
SnowModel output for February 2016 and January 2017. Differences were
smallest in the valleys and greater (although both positive and negative)
where the ridges were dissected by ravines (Figure 3-6). Mean differences
between observed and modeled SWE (modeled minus observed) were —4
mm in February 2016 and 4 mm SWE in January 2017.



Figure 3-5. Snow-modeling output for the 2015-2017 fine-scale simulations for the Washington site. The white solid /ine outlines the YTC boundary.

1 Dec 2015 1Jan 2016 1 Feb 2016

73

1 Mar 2016

1 Dec 2016 1Jan 2017 1 Feb 2017 1 Mar 2017

8-TC-d1 134¥0/0ay3

Lc



ERDC/CRREL TR-21-8

28

Figure 3-6. SWE comparison of observed (obs) snow depths and modeled snow depths for
February 2016 and January 2017. The white so//a' //ne outlines the YTC boundary
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3.2.2.2 Snow-model validation to SWE, Washington

Fourteen SNOTEL sites were used for the VIC and SnowModel validation
where elevations were from 900 to 1,800 m (see Table A-1 in Appendix
A.1). Available SWE from the SNOTEL sites varies from 1978 to present,
and all sites reported a wide range of SWE (see Figure A-1in Appendix
A.2). For example, at Olallie Meadows (1,228 m elev.), the lowest SWE was
280 mm in 2015, almost tenfold lower than its peak of 2,500 mm in 1999.
At Morse Lake (1,649 m elev.), the lowest SWE was 540 mm, and the high-
est was 2,600 mm (1999). The lowest-ranked SWE values on average were
tied to Trough and Blewett Pass, which were relatively high-elevation sites
(1,670 and 1,292 m elev.).

To validate the snow modeling, we compared SWE from 14 SNOTEL sta-
tions, SnowModel, and VIC. Figure A-1 (Appendix A.2) shows the compar-
ison for the 36-year SnowModel simulation time period (1979—2015). The
end date of VIC SWE was 2010 because of the forcing dataset used during
the modeling. For the 36-year time period, both models reproduced simi-
lar SWE accumulation and ablation curves when compared with measured
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SWE at the SNOTEL sites. There was a wide variation of how well the
SnowModel and VIC fit to the SNOTEL SWE. In some years, there was an
underestimation or overestimation by one or both models. For example, at
Olallie Meadows, the SnowModel SWE was lower than SNOTEL; but a
fairly close fit was shown for VIC (Figure 3-7a). Conversely, SnowModel
has a closer fit to SNOTEL at Fish Lake compared to VIC (Figure 3-7b). In
general, the VIC simulations show a delay in snowmelt (see the example in
Figure 3-7¢).

Figure 3-7. Model (SnowModel and VIC) and SNOTEL SWE comparison at Washington for
(a) Olallie Meadows (1983-2010), (b) Fish Lake (1983-2010) and (¢) close-up (2000-
2010) of Fish Lake. All SWE modeling results are reported in Appendix A.2.
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3.2.3 Snow trends and future projections, Washington

2010

Longer-term SWE trends in the Washington site contrast based on eleva-
tion. To illustrate this, a high-elevation location (Stampede Pass) and a
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low-elevation site (CRREL YTC meteorological station) comparison
showed a wide range of yearly maximum SWE between these locations
from water years 1980 to 2015 (Figure 3-8). Peak and lowest SWE values
occurred at both sites in water year 1997 and 2015, respectively. In most
years there was a general correlation between the sites, but this correlation
did not occur every year. During this time period, a decreasing and signifi-
cant trend of 2 mm/year occurred at the lower-elevation CRREL YTC me-
teorological station, while no trend was identified for Stampede Pass.

Figure 3-8. SWE evolution and trends at the CRREL meteorological station at YTC
(Met. Station) and Stampede Pass.
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Figure 3-9 shows the snow modeling results from the Washington site, and
Figure 3-9a—c shows the 36-year average of snow duration during the core
snow season. The core season varies depending on site and was defined to
be the longest yearly uninterrupted snow duration (e.g., the blue shading
in the [a] inset; Liston and Hiemstra 2011b). At the highest elevations, the
average snow duration was over 300 days during the 36-year period. In
contrast, snow duration was only 30 to 90 days at lower elevations. Snow-
cover-duration trends were also mixed. At intermediate and higher eleva-
tions, there was a widespread snow-cover duration decrease of 10—20
days/decade. Lower elevations (up to 350 m) showed an increase of 10—40
days/decade. Modeling results show a decrease of up to 40 days/decade at
some areas with elevations that range from 350 to 1,000 m. The area-aver-
aged snow-cover duration declined 20 days/decade (Figure 3-9c).

ROS event counts and trends were also tied to elevation. Higher-elevation
locations had frequent ROS events (30—50 days) as those snowpacks were
long-lived (Figure 3-9d—f) while low-elevation ROS events were rare. ROS
trends illustrated that there was an increase or decrease of 1 day/decade
over most of the site, with an exception at higher elevations where an in-
crease of 4 days/decade occurred. However, not all high-elevation trends
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were positive; in the northwestern part of the site, a decrease of 4 days/dec-
ade was apparent. Overall, the simulated yearly and area-averaged ROS
events for the simulation site decreased 1 day over the entire 36 years.

Not surprisingly, higher snowmelt runoff corresponded to elevation (Fig-
ure 3-9g—1). With few exceptions, snowmelt runoff was predominantly
negative for 1980—2015 with an average decline of 10 cm/decade. There
was a high variation in the total snowmelt; the lowest value was in 2015

(15 cm), and the highest occurred in 1997 (60 cm). That was a difference of
45 cm, which can have a big influence in the overall snowmelt of the area.

The only future projection of snowpack was performed for the snow dura-
tion (Figure 3-10). The CTL simulation was similar to the 1979—2015 sim-
ulation at higher elevations (see Figure 3-9a). In the northeast, where
lower elevations were encountered, the CTL simulation indicated a longer
snow duration than the 1979—2015 simulation. When comparing the PGW
simulation and the CTL, the majority of this site experienced a decrease in
snow duration with an overall difference of up to 40 days (Figure 3-10).



Figure 3-9. (a) The 36-year average snow duration during the core snow season (days) for the Washington site, (b) the trend in snow-cover duration
(days/decade), and (¢) yearly and area-averaged snow duration for the simulation in (g) and (b). () The 36-year average ROS events (days), (€) the
trend in ROS events (days/decade), and (/) yearly and area-averaged ROS events (days) for the simulation site in (d) and (¢e). (g) The 36-year
average total annual water equivalent snowmelt runoff (cm), (/) the trend in snowmelt (cm/decade), and (/) yearly and area-averaged total annual
snowmelt runoff for the simulation site in (g) and (/). North is up.
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Figure 3-10. Snow duration for historical (CTL) and future (PGW) climate models (/ef?) and the
difference and trend in snow-cover duration (days) between the future and control (right) for
the Washington site. North is up.
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3.2.4 Flood and streamflow analysis, Washington
3.2.4.1 Historical flood frequency curve analysis, Washington

We calculated flood frequency curves at 10 USGS stations for basin sizes
ranging from about 70 to 9,000 km2 (see Figure 2-10 and also Table A-4 in
Appendix A.1). The longest peak flow record was 97 years for the Yakima
River at Umtanum (12484500). The maximum peak flow (95% confidence
level) at the watershed that encompasses parts of YTC was 1,600 m3/s
(Figure 3-11).

Appendix A.2 (see Figure A-2) shows the return period of annual maxi-
mum peak flows for the 10 USGS stations. The lowest 100-year return pe-
riod (30 m3/s) was at Naneum Creek near Ellensburg (12483800), which
was also the smallest subwatershed (178 km?) analyzed within the HUC 8
Upper Yakima watershed. The Yakima River gage above Ahtanum Creek at
Union Gap (12500450), located in the HUC 8 Lower Yakima watershed,
yielded the highest value of 1,500 m3/s for the 100-year return period.
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Figure 3-11. Return period of annual peak flow and
upper- and lower-boundary 95% confidence level (CL)
for the Yakima River gage above Ahtanum Creek at
Union Gap (12500450) in the Washington site (all
annual peak flow results are reported in Appendix A.2).

[ IR T A N WA WA TTT1TT 1 Ll

@ Peak Flow
—— Upper Boundary 95% CL |+
—— Lower Boundary 95% CL
— Trend Line

=% e
N o
o o
o o
1 |

Annual Peak Flow (mafs)
@
o
o
|
|

1.001 11 152 5 1015 30 50 100
Return Period, T (yr)

3.2.4.2 Historical streamflow analysis, Washington

To capture the most recent streamflow record, we selected for the seasonal
streamflow analysis of the Washington site only those USGS gages moni-
tored through 2019 (see Table A-4 in Appendix A.1). Because of our selec-
tion criteria, we analyzed discharge for four USGS gages within this site for
the mean, maximum, and minimum streamflow and peak flows (Figure 3-
12). These gages were located in the Naches (12488500, basin size 205
km?2), Upper Yakima (12484500, basin size 4,128 km?2), and parts of Lower
Yakima (12500450 and 12502500, basin size 9011 and 446 km?2, respec-
tively) HUC 8 watersheds. The streamflow was lowest in August—Septem-
ber and increased gradually until peak flow in late spring or early summer.
In all but one watershed, the peak flow occurred close to mid-May. A later
peak flow of a few weeks was identified at the American River near the
Nile gage (12488500), located in the upper Naches HUC 8 watershed, in-
dicating a later snowmelt occurred in this watershed. The Morse Lake
SNOTEL site, located at the higher elevations of this HUC 8 watershed,
measured one of the highest SWE (see Figure A-2 in Appendix A.2), which
likely explained the later peak flow. Another indication for this is that the
watershed about twice its size (12502500) that experienced a lower snow-
pack produced only about 25% of the maximum peak flow (~7 m3/s) when
compared to the drainage basin measured at the American River gage near
Nile (28 m3/s). The highest peak measured at these four gages

(~250 m3/s) was at the Yakima River USGS station above Ahtanum Creek
at Union Gap (12500450), which was also the furthest downstream gage
and thus also encompassed the largest drainage basin.
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Figure 3-12. Mean (dasheaq), maximum, and minimum streamflow
hydrographs for 12-day composites for the USGS gages (upper left and right
corners) in the Washington site. The vertical line indicates peak streamflow.

Gray shaded fields show January-March (JFM) and July-September (JAS),
and whitefields indicate April-June (AMJ) and October-December (OND).
Midmonth dates are shown on the x-axis. Sites are ordered by basin size.
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We analyzed the streamflow trends for the four USGS gages (12484500,
12488500, 12500450, and 12502500; see Table A-10 in Appendix A.2). No
statistically significant increase for the maximum annual trend in stream-
flow was found (Figure 3-13). Only at the Yakima River stations is an in-
creasing trend in minimum annual streamflow evident. There was a statis-
tically significant increase in seasonal maximum streamflow for the Ya-
kima River at Umtanum station (12484500; JFM and JAS) and American
River near Nile (12488500; JFM). A statistically significant increase in
minimum streamflow trends for almost the full year at the Yakima River at
Umtanum (12484500) was found. At a Yakima River downstream station
(above Ahtanum Creek at Union Gap, 12500450) an increase was found in
OND. For the one other station (12488500), only one season (JFM) indi-
cated a statistically significant increase in streamflow.

The S model was the best fit for the annually averaged maximum flow of
the rivers analyzed at this site (Figure 3-14). This was also the best GEV
model for the early spring (AMJ) and late fall (OND) (see Figure A-3 in
Appendix A.2). These stationary results are indicative of no significant
trend. The LNS model was the best fit for the American River near Nile
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(12488500) for JFM, where only a small increase in the trend was mod-
eled. That GEV model was also the best fit for the Yakima River at Umta-
num (12484500) for JAS. In fact, GEV results indicated that this was the
largest increasing trend for this site.

Figure 3-13. (g) Maximum and (6) minimum streamflow (@) trends (%) for
the USGS stations in Washington. Circ/es indicate the trends for 12 days,
rectangles indicate seasonal results, and the annual trend is given in the
lower left box. Statistical significance is shown: the 99th percentile (dark
gray), the 95th percentile (/ight gray), and nonsignificant results (white).

Midmonth dates are shown on the x-axis. Sites are ordered by basin size.
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Figure 3-14. Annual maximum streamflow GEV results and streamflow seasonal maximums
(blue circles) for the Yakima River at Umtanum (YAKUM), American River near Nile (AME),
Yakima River above Ahtanum Creek at Union Gap (YAKUN), and Ahtanum Creek at Union Gap
(AHTUN) basins at Washington. Return intervals (T = 2, 5, 10, 20, 50, and 100 years) from
the GEV fits are shown in dashed lines. All GEV results are reported in Appendix A.2.
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3.2.4.3 Projection of future streamflow, Washington

We compared the historical streamflow for VIC (1970—2010) and Hydro-
Flow (1979—2015) to the adjusted streamflow at USGS gage 12505001
(Figure 3-15). HydroFlow generated a closer seasonal streamflow with the
gage than VIC did. The simulated peak flow is somewhat higher than ob-
served, but HydroFlow duplicated the timing of the peak flow and the also
the late-fall increase in streamflow. The projected pseudo-global-warming
streamflow for HydroFlow (Hydro PGW) indicated a higher and later peak
flow of 2 weeks (from mid-May to early June) compared to the current cli-
mate (Hydro). Although the maximum peak value was not quite duplicated
for the current climate, the higher peak values are still an indication that
projected streamflow is increasing in this watershed. The projected
streamflow showed a more even end-of-season streamflow where stream-
flow is higher from July through October and almost no flow is occurring
in early winter.
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Figure 3-15. Mean (dasheaq), maximum, and minimum streamflow
hydrographs for 12-day composites for the adjusted streamflow at
USGS gage 12505001 (Yakima River adjusted). Historical VIC and
HydroFlow (Hydro) simulations and future HydroFlow (Hydro PGW)
are also shown. The name of model is shown in upper right corners.
The vertical line indicates peak streamflow. Grayshaded fields
show JFM and JAS, and white fields indicate AMJ and OND.
Midmonth dates are shown on the x-axis.
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3.2.5 Probability of occurrence of annual maximum daily rainfall
depths, Washington

We calculated the probability of the annual maximum daily precipitation
for 11 meteorological stations in the Washington site (see Figure 2-3 and
also Table A-7 in Appendix A.2). The shortest record for the analysis was 21
years (Selah 2), and the longest record was 102 years (Cle Elum). The maxi-
mum annual precipitation of these stations started at a low of 35 to a high
of 200 mm, as shown in Appendix A.2 (see Figure A-4). Most stations had a
maximum annual precipitation at this return period of less than 50 mm.
Two of the highest annual maximum daily precipitation stations were the
Stampede Pass (1,207 m elev.) and Cle Elum (579 m elev.). Both stations
were located within the Upper Yakima HUC 8 watershed and upstream of
YTC. In fact, the highest annual maximum daily precipitation at the Stam-
pede Pass station (comparable to the high degree of variability also seen for
the SWE, Figure 3-8) was five times higher than at the Yakima Airport sta-
tion (Figure 3-16). The Stampede Pass station also had the widest range of
the 95% confidence level of 80 mm at a return period of 100 years.

Projected annual maximum daily precipitation curves for the center of the
YTC installation were derived from selected global climate models ([GCMs]
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see section 2.6). In general, the projected annual maximum daily precipita-
tion curves for the global models were higher than the historical curves at
Yakima Airport (Figure 3-17). At a return period of 100 years, the highest
projected precipitation was 90 mm higher than at the historical precipita-
tion measured at the Yakima Airport. The range between the lowest and
highest 95% confidence level was 65 mm at a return level of 100 years. In
comparison, at Yakima Airport, this range was only 14 mm for the current
climate. The highest confidence value doubled at this return period.

Figure 3-16. Annual maximum daily precipitation depths for the Stampede
Pass and Yakima Airport meteorological stations in the Washington site. All
annual maximum daily precipitation results are reported in Appendix A.2.
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Figure 3-17. Projected annual maximum daily precipitation depths at YTC, Washington,
from global climate models (circles) as compared to the historical annual maximum
daily precipitation curve at Yakima Airport (solid red circles), including the upper (red
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3.2.6 IDF curves, Washington

IDF curves were produced from three meteorological stations (a location
with low, medium, and high precipitation). These were selected from the
annual maximum precipitation analysis (section 3.2.5). Many stations had
similar maximum annual precipitation as measured at Yakima Airport;
and therefore, that station was chosen as an example of a low-intensity
station (see Figure A-9 in Appendix A.2). The station selected for the anal-
ysis with a slightly higher annual maximum daily precipitation was Cle
Elum. The highest annual maximum daily precipitation was also the sta-
tion located at the highest elevation (Stampede Pass, 1,207 m elev.). For all
three locations, IDF curves with six return periods (2, 5, 10, 25, 50, and
100 year) were derived for durations of 1 to 24 hr (Figure 3-18). Yakima
Airport, the lowest annual precipitation, has a rainfall intensity range of
25 mm (from 18 to 43 mm/hr) at a 1 hr duration. In comparison, the rain-
fall intensity at Stampede Pass ranges from 80 to 220 mm/hr, a total
width of 140 mm, almost six times more than at the Yakima Airport.

Figure 3-18. IDF curves for three meteorological stations (Cle Elum, Stampede Pass, and
Yakima Airport) in the Washington site.
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For the future IDF curves, we used the climate models that had the lowest
and highest confidence level for the annual maximum daily rainfall (Figure
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3-17) to define the range of rainfall intensity at the YTC installation. The
climate models indicated higher IDF curves compared to historical IDF
curves (Figure 3-19). The lowest-confidence-level climate model (lowest
maximum annual precipitation) was the Geophysical Fluid Dynamics La-
boratory’s Earth System Weather Research Forecasting Model (GFDL-
ESM2M [WRF]), which resulted in a rainfall intensity ranging from 19 to
41 mm/hr at a 1 hr duration. The second-generation Canadian Earth Sys-
tem Regional Climate Model (CanESM2 [CanRCM4]), the highest maxi-
mum annual precipitation model, indicated a rainfall intensity range of
55 mm (32 to 87 mm/hr) at a 1 hr duration. At a 1 hr duration and a return
period of 100 years, the rainfall intensity is about twofold higher (from 43
to 87 mm/hr) than the current climate at the Yakima Airport.

Figure 3-19. Estimated future IDF curves for a location at the center of the YTC installation,
Washington. For comparison, the black dashed lines illustrate historical IDF curves from the
Yakima Airport.
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3.3 Colorado
3.3.1 Field measurements, Colorado

Snow arrival and departure during all seasons were intermittent (Figure 3-
20), with snowstorms depositing up to 30 cm of snow before it melted.
There were 10 to 13 distinct snow deposition events each year. Almost
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every time, snowmelt occurred in between snowstorms. At times, there
was no snow for almost a month. Earliest snow arrival in the fall occurred
in November 2017. The latest snow deposition occurred in May 2016
(~20 cm), which was comparable to other higher snow dispositions.

Figure 3-20. Daily snow depths at Fort Carson, Colorado, in 2015-2018.
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During 4—5 February 2016, we measured 3,571 snow depths at six locations
(Figure 3-21a). The average snow depth was 20.5 cm and the overall snow
depth ranged from o to 92 cm. We collected 67 SWE samples, and the
mean was 41 mm. The snow density ranged between 56 and 368 kg/ma3.
Snow arrival and departure during winter 2015—2016 was intermittent
(Figure 3-20), with storms depositing up to 30 cm of snow before it melted.
There were 10 distinct snow deposition events during this season.

The following year, 19 January 2017 experienced a lower snowpack at Fort
Carson, with a few tree-shaded thin patches (<3 cm) of snow remaining
(estimated and not measured with a Magnaprobe). However, higher up in
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the basin (3,000 m) toward Pikes Peak, we measured 207 snow depths,
and we dug two snow pits (Figure 3-21b). The average snow depth was 27
cm and ranged from 10 to 68 cm. We collected 10 SWE samples two snow
pits, and the mean total SWE was 10 mm. Snow density sample values
were from 134 to 328 kg/ms.

Figure 3-21. Snow-depth measurements and locations at the Colorado site during
the (g) 2015-2016 and (b) 2016-2017 field campaigns. The black solid line
outlines the Fort Carson boundary.
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3.3.2 Snow-model (VIC and SnowModel) validation, Colorado

At this site, we used 16 meteorological stations and one SNOTEL station
for the snow-model validation (see Table A-2 in Appendix A.1). The eleva-
tions at the stations studied were from 1,200 to 3,500 m. SWE varied sub-
stantially between years and stations during 1979—2015 (see Figure A-5 in
Appendix A.3). One example of a station that had a lower SWE was the
Colorado Spring Airport (1,884 m elev.), the meteorological station closest
to Fort Carson. In 1997, the maximum SWE was 153 mm (Figure 3-22). In
comparison, at a higher-elevation station (Glen Cove SNOTEL station,
3,493 m elev.), the maximum SWE was 381 mm (2007); the minimum was
43 mm in 2011 (Figure 3-22). At Whiskey Creek, also a higher-elevation
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station (3,115 m elev.), the annual maximum SWE was 500 mm. Most sta-
tions this far south in the Rocky Mountains have a shallow snowpack with
a maximum SWE of less than 200 mm. A slightly higher SWE of 300 mm
was recorded at Eastonville 2 NNW and Ruxton Park (above 2,000 m
elev.).

Figure 3-22. SWE comparison between VIC and SnowModel for Colorado Springs Airport
(AP), Glen Cove (SNOTEL station), and Whiskey Creek, Colorado. No VIC results for the
Whiskey Creek are shown because they were outside the model boundary. All SWE
results are reported in Appendix A.3.
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SnowModel performed better than VIC, but there was a tendency for the
models to both underestimate and overestimate SWE (see Figure A-5 in
Appendix A.3). For example, at the Glen Cove SNOTEL site, simulated
SWE from VIC was substantially lower than SnowModel’s (Figure 3-22)
and the observed SWE. SnowModel compared well with the measured
SWE at this station during some years; and other years, SWE was much
higher than measured. For timing, VIC captured snow-up and snowmelt
periods closely, despite a mismatch in SWE. SnowModel delayed snow-
melt in some years.
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3.3.3 Snow trends and future projections, Colorado

The simulated yearly maximum SWE evolution for a high-elevation site in
the HUC 8 Fountain watershed (Glen Cove, 3,493 m elev.) and at the cen-
ter of the Fort Carson installation indicated a downward trend in 1979—
2015 SWE (Figure 3-23). For the 36-year period, there was a 115 mm de-
crease in Glen Cove maximum SWE, and Fort Carson experienced little
snow overall. Similar downward trends were shown in the Purgatoire wa-
tershed at its high-elevation Whiskey Creek site (3,115 m elev.), where a
30 mm decrease in maximum SWE was simulated. The Piion Canyon Ma-
neuver Site declined as well, but by approximately only 5 mm overall.

Figure 3-23. SWE evolution and trends at (a) Glen Cove SNOTEL site and Fort Carson
and (b) Whiskey Creek and the Pifion Canyon Maneuver Site.
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The 36-year core snow-season duration varied with elevation (Figure 3-
24a—c). At higher elevations with deeper snowpacks, snow duration was
300 days; mid- to low-elevation snow duration was only 30 days. Snow-
cover duration increased at lower elevations by up to 40 days/decade. A
decreasing trend of up to 40 days/decade can be seen in some parts up
north of the site, and a slightly smaller decrease was simulated in the site’s
southwestern area. The yearly and area-averaged snow duration for the
36-year time period increased 10 days overall. Snow trends indicated a
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longer-lasting snowpack, up to 40 days in some lower-elevation areas (Fig-
ure 3-25). Higher-elevation areas had decreased snow duration by up to
4 days/decade.

Thanks to Colorado’s continental climate, the historic 36-year average
ROS event maximum was only 10 days, and these events occurred in
higher-elevation locations (Figure 3-24d—f). At lower elevations, the simu-
lations showed no changes for ROS events; less than plus or minus 1
day/decade of ROS events was seen throughout the simulated area. The
greatest decrease in ROS occurred in high-elevation areas. The simulated
yearly and area-averaged ROS events for the simulation site had a negligi-
ble decreasing trend (only about half a day) over the entire 36-year-simu-
lation period.

During the 36 years, the simulations showed a snowmelt runoff up to

100 cm within the site (Figure 3-24h—1). The greatest amount of snowmelt
runoff was tied to higher elevations. Throughout the site, a downward
trend occurred up to 4 cm/decade. In the mountainous southwest part of
the site, snowmelt runoff increased 4 cm/decade. Overall, the yearly and
site-averaged total annual snowmelt runoff decreased a few centimeters in
36 years.

As previously mentioned, a future projection of snow duration was the
only climate change simulation performed. In the west, at higher eleva-
tions, the snow duration was longer for both the CTL (current climate)
simulation (Figure 3-25) and the 1979—2015 simulation (see Figure 3-
24a). In the northeast, where lower elevations were encountered, the CTL
simulation indicates a shorter snow duration than the 1979—2015 simula-
tion. The comparison between the PGW and the CTL simulations indicated
an increase in snow duration for lower elevations (maximum of 40 days);
but the majority of this site experience a decrease in snow duration (maxi-
mum of 40 days).
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Figure 3-25. Snow duration for historical (CTL) and future (PGW) climate
models, (/ef?) and the difference trend in snow-cover duration (days)
between the future and control (7jgh? for the Colorado site. North is up.
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3.3.4 Flood and streamflow analysis, Colorado
3.3.4.1 Historical flood frequency curves, Colorado

We calculated flood frequency curves of 12 USGS stations, where the
smallest basin was 160 km2, measured at the Turkey Creek above Teller
Reservoir near Stone City (07099230), to a basin size of 9073 km2, meas-
ured at Purgatoire River near Las Animas (see 07128500 in Figure 2-11
and also Table A-5 in Appendix A.1). The length of available peak flow val-
ues was up to 71 years with the longest record for the Purgatoire River near
Las Animas (07128500). Figure 3-26 shows a subset of the return period
for the annual maximum peak flow of these stations with the full record
from the analyzed stations shown in Figure A-6 (Appendix A.3). The Foun-
tain Creek near Pinon (07106300, basin size 2,240 km?2), located to the
east of the Fort Carson site and in the Fountain HUC 8 watershed, had a
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maximum annual peak flow of 560 m3/s. At the Purgatoire River near Las
Animas (07128600, basin size 9,073 km2), downstream of the Pinon Can-
yon Maneuver Site and in the Purgatoire HUC 8 watershed, an annual
peak flow of 1,060 m3/s was observed. The range of the 95% confidence
level at a return period of 100 years at the Fountain Creek near Pifion was
300 m3/s. At the Purgatoire River near Las Animas, with a basin size four
times larger, this spanned 650 m3/s. The minimum peak flow of the 12 se-
lected USGS stations was 50 m3/s, measured at the Monument Creek
above North Gate Blvd. at the U.S. Air Force (USAF) Academy (07103780,
basin size 212 km?) as shown in Appendix A.3.

Figure 3-26. Return period of annual peak flow and upper- and lower-boundary 95% CL
for the Fountain Creek near Pifion (07106300) and Purgatoire River near Las Animas
(07128500) stations in the Colorado site. Note the different scales. All annual peak flow
results are reported in Appendix A.3.
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3.3.4.2 Historical streamflow analysis, Colorado

We performed historical streamflow analysis for the USGS gages within our
site that met our site-selection criteria, a station with more than 20 years
and active in 2019. The selected stations for the Colorado site were located
in the Fountain, Upper Arkansas, and Purgatoire HUC 8 watersheds (see
Figure 2-11 and also Table A-5 in Appendix A.1). We analyzed a total of 10
USGS gages for the mean, maximum, and minimum streamflow and peak
flows (Figure 3-27). At these sites, the peak streamflow date varies widely.
One of the earliest dates (mid-April) for peak flow was at the Monument
Creek above North Gate Blvd. at the USAF Academy (07103780), and the
latest peak (early September) occurred also at Monument Creek but farther
downstream (Bijou St. at Colorado Springs, 07104905), both in the Foun-
tain HUC 8 watershed. In fact, more than half the stations had a peak flow
later in the summer (end of July or later). At most gages, the flow increased
gradually, peaked, then decreased starting at the end of September. Many
sites experienced multiple peaks where snowmelt likely drove the first peak
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flows. Out of the analyzed gages, Fountain Creek near Fountain and Pifion
and Purgatoire River near Las Animas had the largest streamflow.

We analyzed streamflow trends for 10 USGS gages (Figure 2-11 and also
Table A-5 in Appendix A.1). Figure 3-28 shows a subset of the analysis for
the two largest basins, the Fountain Creek near Pifion (07106300, basin
size 2,240 km2), which encompassed the east of Fort Carson, and the Pur-
gatoire River near Las Animas (07128500, basin size 9,073 km2), which in-
cluded the Pifion Canyon Maneuver Site. The remaining streamflow trend
analysis results are in Appendix A.3 (see Figure A-7a). A yearly statistically
significant increase (>90th percentile) in annual maximum and minimum
streamflow trends for three stations (all within the Fountain Creek HUC 8
watershed: 07105500, 07106000, and 07106300) was found (see Table A-
11 in Appendix A.3). Two other stations showed a statistically significant
increase (>9o0th percentile) in minimum annual streamflow (Fountain
Creek near Colorado Springs and Monument Creek above North Gate
Blvd. at USAF Academy: 07103700 and 07103780). Only one station expe-
rienced a statistically significant yearly decrease in annual trends (>95th
percentile) for the maximum and minimum streamflow (Turkey Creek at
Teller Reservoir near Stone City: 0799230), which also was one of the
smaller basins analyzed. No increase (or decrease) in yearly streamflow is
seen in the Purgatoire HUC 8 watershed.

A statistically significant increase of monthly maximum streamflow oc-
curred in several stations in the Fountain Creek HUC 8 watershed in win-
ter (JFM) and later in the season (JAS). This watershed included the east-
ern parts of Fort Carson. In fact, a statistically significant increase in
monthly minimum streamflow is also evident at several stations (see Fig-
ure A-7b in Appendix A.3).
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Figure 3-27. Mean (dasheaq), maximum, and minimum streamflow
hydrographs for 12-day composites for the USGS gages (upper left and right
corners) in the Colorado site. The vertical /ine indicates peak streamflow.
Gray shaded fields show JFM and JAS, and white fields indicate AMJ and
OND. Midmonth dates are shown on the x-axis. USGS gages in the HUC 8
Fountain and Arkansas watersheds are shown in (&), and the HUC 8
Purgatoire watersheds are shown in (b). Sites are ordered by basin size.
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Figure 3-28. (g) Maximum and (6) minimum streamflow (Q) trends (%) for the USGS stations
in Colorado. Circles indicate the trends for 12 days, rectangles indicate seasonal results, and
the annual trend is given in the Jower left box. Statistical significance is shown: the 99th
percentile (dark gray), the 95th percentile (/ight gray), and nonsignificant results (white).
Midmonth dates are shown on the x-axis. Sites are ordered by basin size. All trend results are
reported in Appendix A.3.
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All stations in the river systems were best modeled with either an S or LNS
for the yearly maximum streamflow (Figure 3-29). This was also true when
looking at the GEV results for the seasonal analysis (see Figure A-8 in Ap-
pendix A.3). Monument Creek at Bijou Street at the Colorado Spring
(07104905) station is the only station that did not result in an LNS model
during any season. The only station that experienced a large increase in
maximum streamflow was at the Fountain Creek near the Colorado
Springs gaging station (07103700) during spring (JFM). The best fit GEV
model overall during spring was an LNS model.
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Figure 3-29. Annual maximum streamflow GEV results and streamflow seasonal maximums
(blue circles) for the Colorado stations Turkey Creek at Teller Res near Stone City (TURK),
Fountain Creek near Colorado Springs (FNCS), Monument Creek above North Gate Blvd. at
USAF Academy (MCUSAF), Monument Creek at Bijou Street at Colorado Springs (MCCS),
Fountain Creek at Colorado Springs (FCCS), Fountain Creek near Pifion (FCF), Purgatoire River
near Thatcher (PURT), Purgatoire River at Rock Crossing near Timpas (PRRCT), and Purgatoire
River near Las Animas (PTLA). Return intervals (T = 2, 5, 10, 20, 50, and 100 years) from the
GEV fits are shown in dashed lines. All GEV results are reported in Appendix A.3.
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3.3.4.3 Projection of future streamflow, Colorado

In addition to the SWE comparison validation for the snow modeling pre-
sented in section 3.3.2, we compared measured and simulated streamflow
for the Fountain Creek near Pinon (07106300) USGS station in the Foun-
tain HUC 8 watershed. There was a shift in peak streamflow from early
August to mid-May for the modeled (VIC) streamflow output when com-
pared with the observed (Figure 3-30). The observed multiple higher flows
in late summer were not duplicated with VIC. Because these streamflow
modeling results did not reflect measured streamflow, we did not model
future projections for this site.
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Figure 3-30. Streamflow comparison between measured and modeled (VIC) for the
Fountain Creek near Pifion USGS station. The vertical /ine indicates peak streamflow.
Gray shaded fields show JFM and JAS, and white fields indicate AMJ and OND.
Midmonth dates are shown on the x-axis.
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3.3.5 Probability of occurance of annual maximum precipitation
depths, Colorado

We analyzed the maximum annual precipitation in the Colorado site for 15
meteorological stations, many located at lower elevations (~1,200 m); and
the highest elevation station was at Ruxton Park at 2,800 m (see Table A-8
in Appendix A.1). Figure 3-31 shows the stations with the highest annual
maximum precipitation; the analysis results of the other stations are in
Appendix A.3 (see Figure A-9). The highest annual maximum daily precip-
itation of 160 mm was at the Rocky Ford 2 SE (southeast) station, one of
the lowest-altitude stations (1,271 m). Other stations with annual maxi-
mum daily precipitation higher than 100 mm included Colorado Springs
Municipal Airport, the meteorological station closest to Fort Carson, and
the Trinidad Airport. The upper and lower boundary of the 95% confi-
dence level at the 100-year return period of the annual maximum daily
precipitation varies greatly between each site where the range was about
20 mm at the Las Animas station and 40 mm at the Colorado Springs Air-
port station.

We used selected global climate models to derive projected annual maxi-
mum daily precipitation curves for the center of the Fort Carson installa-
tion (see section 2.6). These curves were compared to the historical annual
maximum daily precipitation at Colorado Springs Municipal Airport (Fig-
ure 3-32). The comparison indicated that the historical annual maximum
daily precipitation was, on average, in the midrange of the global models.
The highest annual maximum daily precipitation at a return period of 100
years of selected climate models was 320 mm. At a return period of 100
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years, the upper range of the 95% confidence level for the projected pre-
cipitation was 227 mm, which is about a 70% increase when compared to
the current climate at the Colorado Springs Municipal Airport. The range
between the lower and upper boundary 95% confidence level between cli-
mate models at this return period was 160 mm.

Figure 3-31. Probability of annual maximum daily precipitation depths for meteorological
stations at the Colorado site (Colorado Springs Municipal Airport, Rocky Ford 2 SE, and
Trinidad Airport). All annual maximum daily precipitation results are reported in Appendix A.3.
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Figure 3-32. Projected annual maximum daily precipitation depths at Fort
Carson, Colorado, from global climate models (circles) as compared to the
historical annual maximum daily precipitation curve at Colorado Springs
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(blue line) 95% confidence levels. Dashed lines indicate the upper- and
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3.3.6 IDF curves, Colorado

We used three meteorological sites that each showed a trend of low, me-
dium, and high annual maximum daily precipitation from section 3.3.5 to
produce IDF curves. Many stations showed similar maximum annual pre-
cipitation; but we selected Colorado Springs Municipal station (high),
Pueblo Memorial Airport (medium), and Rocky Ford 2 SE (low) as exam-
ple datasets (see full set of stations in Figure A-9, Appendix A.3) for the
analysis of IDF curves (Figure 3-33). Between these locations, the rainfall
intensity for the 100-year return period at a 1 hr duration was about a
twofold difference; the lowest intensity (63 mm/hr) was at Rocky Ford 2
SE, and the highest intensity (112 mm/hr) was at Colorado Springs Mu-
nicipal Airport.

Figure 3-33. IDF curves for three meteorological stations in the Colorado site.
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To define the future IDF curves, we selected the annual maximum daily
rainfall from the climate model that produced the lowest confidence level
(Max Planck Institute for Meteorology’s Earth System WRF Model, MPI-
ESM-LR [WRF]) and highest confidence level (CanESM2 [CanRCM4]) at
Fort Carson (see confidence levels in Figure 3-32). Higher rainfall inten-
sity was predicted at the Fort Carson installation when compared to Colo-
rado Springs Municipal Airport (Figure 3-34). The MPI-ESM-LR (WRF)
model produced the lowest rainfall intensity at a return period of 100



ERDC/CRREL TR-21-8

57

3.4

years and a duration of 1 hr, 76 mm/hr. In comparison, the CanESM2
(CanRCM4) model resulted in about a 2.5 times higher rainfall intensity
(194 mm/hr) for the same return period and duration.

Figure 3-34. Estimated future IDF curves for a location at the center of the Fort Carson
installation, Colorado. For comparison, black dashed lines illustrate historical IDF curves
from the Colorado Springs Municipal Airport.
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North Dakota
3.4.1 Field measurements, North Dakota

Figure 3-35 shows the daily measurements from the time-lapse cameras
for 2015—2018 from our three sites (Landfill, Prairie, and Mekinok). One
of the Landfill site’s stakes is in a low-lying ditch where blowing snow ac-
cumulates, and the other stake is located in a mowed grass field; the other
sites are grassland (Prairie) and tilled land (Mekinok). Winter 2015—-2016
was unusually warm, and snow melted in late winter. At the Prairie and
Mekinok sites, snowmelt occurred mid-February. The snow cover at the
Landfill site’s drift lingered for another month. In the following two sea-
sons, the snowmelt season occurred later. In fact, in 2017—2018, the snow-
melt at the Prairie and Mekinok sites occurred about two months later
than in 2015—2016. A maximum snow depth of 100 cm was measured in
early January 2016 at the Landfill site. In comparison, the maximum snow
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depth at this site was 60 cm in late January 2015, indicating that the snow

cover varied greatly between years and that wind played an outsized role
in snow distributions. At the other sites, a maximum snow depth was

closer to 40 cm.

Figure 3-35. Daily snow depths at the time-lapse cameras at or close to GFAFB,
North Dakota, from 2015 to 2018. In 2017-2018, the Landfill time-lapse camera

failed after deployment.
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In 2016 (17 February) and 2017 (17 January), we measured nearly 3,400
snow depths each year at four locations (Figure 3-36). On 12 February
2018, close to 5,000 snow depths were measured. In 2015—2016, the aver-
age snow depth was 12.4 cm and the measured snow depths ranged from o
to 108 cm. We collected 45 SWE samples, and the mean was 37 mm. The
snow densities were between 244 and 452 kg/ms3. The maximum meas-
ured snow depth was more than 1.5 times deeper compared to the previous
year (175 cm), and the mean snow depth was almost three times deeper
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(33.7 cm). During the following year (2017—2018) the measured snow
depth was similar to 2015—-2016, with a maximum snow depth of 92 cm
and a mean snow depth of 17.7 cm. There were 21 snow samples collected
across 10 sites. On average, total SWE was from 2 to 12.5 mm; density val-
ues were from 200 to 319 kg/ms.

Figure 3-36. (&) Snow-depth statistics and locations of observed (obs) measurements and
modeled (mod) and (b) a close up of snow-depth measurement locations at GFAFB, North
Dakota, during the 2015-2018 field seasons.
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3.4.2 Snow-model (VIC and SnowModel) validation, North Dakota
3.4.2.1 Snow-model validation to field measurements, North Dakota

We performed with SnowModel fine-resolution snow-depth simulations
for the North Dakota site for three winter seasons to validate the snow
model (Figure 3-37). The observed snow depth was 8 cm higher than the
modeled snow depths for 2 years (2015—-2016 and 2017-2018) and slightly
lower (5 cm) for the 2016—2017 season (Figure 3-36). These results were
an indication that the snow model performs well for this site.
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Figure 3-37. Fine resolution snow-depth simulation for the North Dakota site.
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3.4.2.2 Snow-model validation to SWE, North Dakota

In addition to the fine-resolution snow-model validation, we also com-
pared the snow-model snow-depth outputs with measurements from 11
meteorological stations where elevations varied from 260 to 480 m (see
Table A-3 in Appendix A.1). Not surprisingly, there was a clear variation of
SWE between years and stations. At Grand Forks International Airport,
the lowest measured SWE between 1979 and 2015 was 23 mm (1999), and
the maximum SWE was more than tenfold higher 10 years earlier (275 mm
in 1989; Figure 3-38). Most stations had a maximum SWE of 200 mm or
less, and only three stations (Thorhult, Grand Forks International Airport,
and Mahnomen) measured maximum SWE over 300 mm (see Figure A-10
in Appendix A.4).

Only one meteorological station, Grand Forks Air Force Base (AFB), was
located within the watershed where the VIC hydrological model was per-
formed. At this station, the SnowModel slightly underestimated SWE and
VIC even more so (see Figure 3-38). In general, the SnowModel produced
slightly lower SWE than observed values (Figure A-10 in Appendix A.4).
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Figure 3-38. SWE comparison between VIC, SnowModel, and measured for Grand Forks
AFB and Grand Forks International Airport, North Dakota. All SWE results are reported in

Appendix A.4.
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3.4.3 Snow trends and future projections, North Dakota

We compared the simulated SWE evolution for a higher-elevation location
in the Turtle River watershed and at the Grand Forks AFB meteorological
station for the simulations from 1979 to 2015 (Figure 3-39). Both locations

indicate a slight downward trend with a decrease of less than 4 mm/decade.

Figure 3-39. SWE evolution and trends at two stations in the North Dakota site.
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The SnowModel simulations indicate that the 36-year average (1979—
2015) of snow duration during the core snow season varies between 90
and 140 days (Figure 3-40a—c), with a longer duration in the north com-
pared to the south. The trend in snow-cover duration during the 36-year
simulations indicated that most of the site experience a decreasing number
of snow-covered days with areas of up to 16 days/decade. Only some local-
ized areas in the southeast increased the number of snow-covered days up
to 16 days/decade. The yearly and area-averaged snow duration for the 36-
year period shows a decreasing trend of about 30 days.

There were almost no ROS events in the simulation site (Figure 3-40d—f).
An increasing trend in the northwest compared to the southeast for ROS
was simulated, but the increase and decrease were negligible (between
—0.4 to 0.4 days/decade). The maximum number of ROS events (2 days)
occurred only twice (Figure 3-40f) during the 36-year simulation (the
yearly and area-averaged ROS events for the site).

During the 36-year period, simulations resulted in an average yearly snow-
melt runoff between 9 and 17 cm within the site (Figure 3-40g—1). An in-
creasing trend of snowmelt runoff is evident in the northwest and south-
ern area while the remaining area of this site experienced a decreasing
trend. Conversely, the remaining area of the site experienced a decreasing
trend. Overall, these trends were very small (2 cm/decade). The yearly
and area-averaged snowmelt runoff for the 36-year period decreased by 4
cm.

We performed a future projection of snow duration and compared it with
the current climate (CTL). The current snow duration (Figure 3-41) was
the same length of season as the 1979—2015 simulation (Figure 3-40a), but
the pattern was slightly different. When comparing the PGW with the CTL
simulations, there was an overall decreasing trend in snow duration down
to 60 days with the greatest decrease in the northeast.



Figure 3-40. (a) The 36-year average snow duration during the core snow season (days) for the North Dakota site, () the trend in snow-cover
duration (days/decade), and (¢) yearly and area-averaged snow duration for the simulation in (&) and (b). (@) The 36-year average rain ROS events
(days), | the trend in ROS events (days/decade), and (/) yearly and area-averaged ROS events (days) for the simulation site in (@) and I. (g) The 36-

year average total annual water equivalent snowmelt runoff (cm), (/) the trend in snowmelt (cm/decade), and (/) yearly and area-averaged total
annual snowmelt runoff for the simulation site in (g) and (/). North is up.

-

SWE (cm)|.

Dec Feb Apr

S
=]

/Q\ P TR T 510 g,\ 2 :E 32

O’Qn L SRR o =2 16 53 24

”ﬁ v e maes Avin I L I A f\n e "

c w0 Uv(d \10)3‘\:-0 e N ootos 23 .
0 =4

1980 1985 1990 1995 2000 2005 2010 2015 n 1880 1985 1990 1995 2000 2005 2010 2015

1980 1985 1990 1995 2000 2005 2010 2015

8-TC-d1 134¥0/0ay3

snowmelt
runoff (em)

€9



ERDC/CRREL TR-21-8 64

Figure 3-41. Snow duration for historical (CTL) and future (PGW) climate models (/ef?) and
the difference trend in snow-cover duration (days) between the future and control (right) for
the North Dakota site. North is up.
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3.4.4 Flood and streamflow analysis, North Dakota
3.4.4.1 Historical flood frequency curves, North Dakota

We used discharge from 10 USGS gaging stations within the study site to
calculate the return period of annual peak flows for basin sizes ranging
from 60 to 1,900 km?2 (see Figure 2-12 and also Table A-6 in Appendix A.1).
The annual maximum peak flow at the USGS station within the watershed
upstream of GFAFB, North Dakota, was 350 m3/s (Turtle River at Turtle
River State Park near Arvilla, USGS station 05082625; Figure 3-42). Ap-
pendix A provides the return periods for the other stations (see Figure A-11
in Appendix A.4). The highest annual maximum peak flow recorded of the
10 stations was 800 m3/s, and it was measured downstream of GFAFB at
Turtle River at Manvel (05083000). The longest available peak flow record,
90 years, was at the Park River at Grafton gage (05090000).
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Figure 3-42. Return period of maximum annual peak flow
at the Turtle River at Turtle River State Park near Arvilla in
the North Dakota site. All annual peak flow results are
reported in Appendix A.4.
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3.4.4.2 Historical streamflow analysis, North Dakota

Out of the 10 USGS stations, we selected for the seasonal streamflow anal-
ysis only those where discharge was monitored by USGS through 2019 (see
Figure 2-12 and also Table A-6 in Appendix A.1). This included four USGS
gages in the Park, Forest, and Turtle HUC 8 watersheds: Turtle River at
Turtle River State Park near Arvilla (050862625), Forest River near Ford-
ville (05084000), Forest River at Minto (05085000), and Park River at
Grafton (05090000). Figure 3-43 shows the mean, maximum, and mini-
mum streamflow and peak flows. The peak 12-day streamflow at the four
stations occurred between late March to mid-April, where the largest wa-
tersheds, with areas of 1,917 (05085000) and 1,801 km2 (05090000), had
maximum peak flow of 30 m3/s and 35 m3/s, respectively. The streamflow
at the Turtle River at Turtle River State Park near Arvilla station
(05082625), the only station upstream of GFAFB that was analyzed, indi-
cated a second peak occurring in early June that was not measured at any
of the other three gages.

We analyzed the same four USGS gages used for seasonal streamflow
trends. Only the Park River at Grafton station (05090000) indicated a sta-
tistically significant increase in annual streamflow (>9oth percentile; see
Table A-12 in Appendix A.4). Turtle River at Turtle River State Park near
Arvilla (50862625) was the only station that did not experience a statisti-
cally increasing trend (>9o0th percentile) for annual minimum streamflow.
There was a statistically significant increase of maximum streamflow both
early and later in the season (January—February and May—December) for
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three of the four stations (Figure 3-44). In fact, April was the only month
not showing any increasing streamflow trends. The upstream station of
GFAFB (the Turtle River at Turtle River State Park near Arvilla,
05082625) had a statistically significant increase in minimum flow for

4 months and no statistically significant difference for the monthly maxi-
mum streamflow.

The annual maximum streamflow at all stations was best modeled with the
stationary GEV model (Figure 3-45). This model was also the best fit for
early spring (AMJ) (see Table A-12 in Appendix A.4). For the other sea-
sons, the stations were best modeled with either an S or an LNS model.
For the late season (JAS and OND), an LNS model was the best fit for all
stations except one (Turtle River at Turtle River State Park near Arvilla,
050862625).

Figure 3-43. Mean (dashed), maximum, and minimum streamflow
hydrographs for 12-day composites for the USGS gages (upper left and right
corners) in the North Dakota site. The vertical line indicates peak streamflow.
Gray shaded fields show JFM and JAS, and white indicate AMJ and OND.
Midmonth dates are shown on the x-axis. Sites are ordered by basin size.
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a)

b)

Figure 3-44. (g) Maximum and (6) minimum streamflow (Q) trends (%) for
the USGS stations in North Dakota. Circlesindicate the trends for 12 days,
rectangles indicate seasonal results, and the annual trend is given in the
lower left box. Statistical significance is shown: the 99th percentile (dark
gray), the 95th percentile (/ight gray), and nonsignificant results (white).
Midmonth dates are shown on the x-axis. Sites are ordered by basin size.
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Figure 3-45. Annual maximum streamflow GEV results and streamflow seasonal maximums
(blue circles) for the North Dakota stations Turtle River at Turtle River State Park near Arvilla
(TUR), Forest River near Fordville (FOR), Forest River at Minto (MIN), and Park River at Grafton
(PAR) Return intervals (T = 2, 5, 10, 20, 50, and 100 years) from the GEV fits are shown in
dashed lines. All GEV results are reported in Appendix A.4.
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3.4.4.3 Projection of future streamflow, North Dakota

We compared the 12-day average streamflow at the Turtle River at Turtle
River State Park near Arvilla (05082625) and the hydrological models to
determine if the hydrological models could be used to generate a projected
streamflow (Figure 3-46). The VIC model output for the USGS station
05062625 (05062625VIC) resulted in a later peak flow than observed at
the USGS gage, and the peak flow generated at the same station from the
HydroFlow model (05082625Hydro) coincides with the peak flow at the
USGS gage; but the modeled magnitude was smaller than observed. The
secondary peak measured in June was also duplicated with HydroFlow,
but the model also produced a streamflow from June through November
that was higher than the observed. Because of these results, we did not
pursue future projections of streamflow for this site.

Figure 3-46. Mean (dashed), maximum, and minimum streamflow hydrographs
for 12-day composites for the Turtle River at Turtle River State Park near Arvilla
(05082625) (top panel) in the North Dakota site. The vertical line indicates peak
streamflow. Grayshaded fields show JFM and JAS, and white fields indicate AMJ
and OND. Midmonth dates are shown on the x-axis. Historical VIC
(05082625VIC) and future HydroFlow (05082625Hydro) are also shown.
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3.4.5 Probability of occurance of annual maximum daily precipitation
depth, North Dakota

We analyzed 12 meteorological stations for maximum annual precipitation
(see Table A-9 in Appendix A.1). The topographic relief at this site was
only 240 m (from 250 m to 490 m). The annual maximum daily precipita-
tion for the 100-year return period at the Grand Forks International Air-
port, the station closest to GFAFB, was 110 mm (Figure 3-47); and the
range of the 95% confidence level at a return period of 100 years was 40
mm. The lowest and highest annual maximum precipitation for the 100-
year return period (100 mm and 200 mm) was at the Petersburg and Lar-
imore station, respectively (see Figure A-13 in Appendix A.4). The widest
range of the 95% confidence level at the 100-year return period of the an-
nual maximum daily precipitation was at the Drayton station (75 mm).

A projection of annual maximum daily precipitation curves for the center
of the GFAFB was performed using a selection of climate models (see sec-
tion 2.6). The closest station to GFAFB, Grand Forks International Air-
port, was used in the comparison to the global models. Results indicated
that projected annual maximum daily precipitation at this location pro-
duced similar return periods as observed in the current climate (Figure 3-
48). The maximum annual precipitation of the global models was close to
190 mm at a return period of 100 years. The range of the 95% confidence
level of the annual maximum daily precipitation between the global cli-
mate models was 100 mm at a return level of 100 years.

Figure 3-47. Annual maximum daily precipitation depth
for the Grand Forks International Airport meteorological
station at the North Dakota site. All annual maximum
daily precipitation results are reported in Appendix A.4.
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Figure 3-48. Projected annual maximum daily precipitation depth at GFAFB,
North Dakota, from global climate models (circles) as compared to the
historical annual maximum daily precipitation curve at Grand Forks
International Airport (solid red circles), including the upper (red /ine) and lower
(blue line) 95% confidence levels. Dashed lines indicate the upper- and lower-
boundary confidence levels for Grand Forks International Airport 1942-2019.
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3.4.6 IDF curves, North Dakota

IDF curves were produced from three meteorological stations (a location
with low, medium, and high precipitation) from section 3.4.5 in the North
Dakota site. The station with the lowest and highest maximum annual pre-
cipitation was Petersburg (467 m elev.) and Larimore (351 m elev.), re-
spectively (see Figure A-13 in Appendix A.4). The Grand Forks Interna-
tional Airport (257 m elev.) was chosen as a representative station for the
medium annual precipitation, and this station was also located closest to
GFAFB. Six return periods (2, 5, 10, 25, 50, and 100 years) were calculated
for durations of 1 to 24 hr and are presented in Figure 3-49. IDF curves of
these stations showed a wide variation of rainfall intensity. For example, at
Larimore, which experienced the highest annual precipitation, the rainfall
intensity for a 100-year return period at a 1 hr duration was 156 mm/hr. At
Petersburg, the 1 hr duration at the same return period was about half that
at the Larimore station.

A range of projected IDF curves was produced for the lowest (GFDL’s
Earth System Regional Climate Model, GFDL-ESM2M [RegCM4]) and
highest (CanESM2 [CanRCM4]) confidence level climate models for the
annual maximum daily rainfall (see Figure 3-48). Figure 3-50 shows the
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IDF curves and range of rainfall intensity for different return periods of
these climate models. The GFDL-ESM2M (RegCM4) (low) and CanESM2
(CanRCM4) (high) models showed a difference in rainfall intensity of

63 mm/hr (89 to 152 mm/hr) for the 1 hr duration at a return period of
100 years (shaded dark gray in Figure 3-50c¢).

Figure 3-49. IDF curves for three meteorological stations, Grand Forks
International Airport, Larimore, and Petersburg, at the North Dakota site.
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Figure 3-50. Estimated future IDF curves for a location closest to the center of GFAFB,
North Dakota, as generated from (g) CanESM2 (CanRCM4) and (b) GFDL-ESM2M (RegCM4)
climate models. (¢) For comparison, this shows results from both climate models; and b/ack

dashed lines illustrate the historical IDF curves from Grand Forks International Airport.
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4 Conclusions and Implications for Future
Research and Implementation

The main objective of this project was to investigate the timing and inten-
sity of snow accumulation, snowmelt, and runoff for historical and future
climate scenarios at regional and watershed scales. Additionally, the objec-
tive included producing flood return levels, investigating changes in hy-
drological extremes using trend analysis, and precipitation return levels
and generating current and future IDF curves for our three study sites:
YTC, Washington; Fort Carson, Colorado, and GFAFB, North Dakota.

We found that snow arrival, departure, and resultant runoff have been
changing across the Western U.S. and within our three study areas since
1979. Changes have not been uniform in trajectory and magnitude, but
many areas exhibit declines in snow’s longevity and hydrological im-
portance. The yearly and area-averaged 36-year snow duration, ROS, and
snowmelt runoff all indicated a decreasing trend. We saw extreme changes
in the Washington area where snow duration varied throughout the site,
showing a decreasing trend at higher elevations and an increasing trend at
lower elevations. The snowmelt runoff in the Washington area decreased
drastically, especially at the higher elevations. Such a decreasing trend
could result in a decline in water resources for the region. In Colorado,
even though most of the area at lower elevations had an increasing snow-
duration trend, our analysis indicated a decreasing snowmelt-runoff trend.
The decreasing snow-duration trend of up to 16 days/decade in North Da-
kota could result in a drastic change, considering that the maximum num-
ber of snow-duration days in our 36-year historical simulations was 140
days. We detected no apparent change for ROS events in both Colorado
and North Dakota, perhaps because of very few initial ROS events in these
areas. For example, Washington averaged 50 days/year of ROS events for
the 1979—2015 simulation, and Colorado had up to only 10 days/year. In
North Dakota, this estimate is 1 day or less ROS event per year. Future
projections for snow duration indicated a continuing decreasing snow
trend in Washington and North Dakota. Colorado showed an alarming de-
crease at higher elevations.

We also observed changes in watershed streamflow. All three study areas
exhibited flow changes in most seasons, especially winter, most likely due
to a warming climate. In Washington, no statistically significant change in
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maximum annual trend was found, but a statistically significant increase
(>99th percentile) in minimum annual streamflow in the HUC 8 Upper
Yakima Watershed was evident. In general, a stationary (S) response illus-
trated that conditions were not changing in terms of maximum streamflow
trend, with two exceptions. An increase in maximum streamflow was ex-
hibited within an upriver watershed of YT'C, which was also illustrated by a
linear nonstationary (LNS) GEV model in summer. The increase in this
basin was also reflected in the statically significant trend analysis during
the July—September (JAS) period. Additionally, an LNS GEV trend in
maximum streamflow was minimized for the American River near the Nile
Basin in winter, also reflected in a strongly increasing maximum stream-
flow trend during the winter. Colorado area flows were mixed, where sta-
tistically significant increases in both minimum and maximum flows were
found across all seasons. The Fountain Creek near Fountain and Pifion wa-
tersheds that encompassed the east of Fort Carson showed statistically sig-
nificant increasing trend (>9oth percentile) in both annual maximum and
minimum flow. In the spring, some basins were minimized by S and a few
were minimized by LNS models. The Purgatoire River near Las Animas
and Fountain Creek near Fountain and Pifion watersheds were minimized
by a decreasing LNS model for the annual streamflow. The North Dakota
study site experienced a statistically significant increase in both minimum
and maximum flow during all seasons for most stations. The station in the
HUC 8 Turtle watershed (upstream of GFAFB) showed no increase in
maximum streamflow during any months. On the contrary, the other ba-
sins experienced a statistically significant increase in maximum stream-
flow during most months and an increase in minimum streamflow during
all months. At this site, there was a mix of S and LNS models where the
minimized fits for the annual streamflow was an S model. All seasons at
the basin upstream of GFAFB fit the S model best.

When we performed the future annual maximum daily precipitation
depths, we noticed that, out of the 16 climate models applied in the analy-
sis, different climate models produced low and high confidence level for
each site. The CanESM2 (CanRCM4) climate model produced the highest
confidence level at all sites, implying that this model returns the wettest
climate. The driest models (least precipitation) were the lowest-confi-
dence-value climate models, and these varied between sites (GFDL-
ESM2M [WRF] at Washington, MPI-ESM-LR [WRF] at Colorado, and
GFDL-ESM2M [RegCM4] at North Dakota). Because of these results, we
chose different climate models for each site when we performed the future
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IDF curve analysis. We used the future rainfall from the lowest (and high-
est) confidence climate models and produced future IDF curves for each
location. As a comparison, we looked at the current climate IDF curves
from the closest meteorological station to YT'C, Fort Carson, and GFAFB,
respectively. At YTC, the future annual maximum daily precipitation was
at a much higher value compared to the current climate (at Yakima Air-
port). In fact, at a return level of 100 years, the highest projected annual
maximum daily precipitation (at the upper 95% confidence level) doubled
from the current climate levels. In comparison, the future annual maxi-
mum daily precipitation (and future IDF curves) for Fort Carson and
GFAFB were similar to the current climate (Colorado Springs Municipal
Airport and Grand Forks International Airport, respectively). The pro-
jected rainfall intensity at a return period of 100 years and a duration of 1
hr was at Fort Carson about 2.5 times more than the lowest projected rain-
fall intensity by a different climate model. At GFAFB, this difference be-
tween climate model outputs was slightly less (1.5 times). These results in-
dicated a wide variation between climate models at all sites, and we rec-
ommend using an ensemble of models for future analysis.

Since YTC, Washington, is in an area heavily relying on snow for water re-
sources, we also want to provide some additional notes about some of the
specific implications reported for this area. Water stress is looming at YTC
because recharge from natural sources (e.g., snowmelt) is greatly reduced
while enhanced water demands have grown at YT'C and from adjacent land
development and agricultural needs. Wells are YT'C’s only source of pota-
ble water, and wells also provide a significant portion of nonpotable needs.
Over the past few years, two wells have gone dry, and multiple wells are
experiencing significant static water-level decline. Our snow-model results
indicated a historical decreasing trend for snowmelt runoff, which could
possibly explain this. Surface waters have also declined by an estimated
50% since the year 2000; and crucial riparian zones are drying and show-
ing evidence of vegetation transition to upland and dryland species (P.
Nissen, U.S. Army Yakima Training Center, pers. comm., 15 January
2020). Concerns are that water supplies deemed currently ample will not
be sufficient in the coming decades. Moreover, YI'C is embedded in a heav-
ily productive agricultural region of Washington, where groundwater ta-
bles are dropping within the Yakima River Basin watershed. Assuming
ground- and surface-water declines continue, which is a possible outcome
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considering the declining trends in snow duration, the Army may face po-
tential water shortages for mission-critical needs (e.g., potable and nonpo-
table) at YTC.

The observation and modeling approach used worked well for Washing-
ton and demonstrated impacts of shifting snow; Colorado and North Da-
kota areas were more of a modeling challenge. Namely, in areas domi-
nated by winter precipitation, where few meteorological stations can be
used for validation and snow is unevenly distributed, estimating snow wa-
ter content and its distribution over different landscapes remains a formi-
dable challenge with substantial physical and ecosystem implications. A
sizeable modeling gap remains in linking snow processes and watershed
models. Increasingly, models are used to identify precipitation patterns
since there was no long-term record available from remote sensing or an
accepted remote-sensing technique to measure snow in all environments.
Realistic snow distributions can be developed by combining terrain, me-
teorological data, models, remote sensing, and ground observations,
which proved successful in the Washington site but was more difficult in
the Colorado and North Dakota sites where snow was intermittent (Colo-
rado) or impacted by landscape management, infrastructure, and crop ro-
tation practices (North Dakota). Ditches and waterways are linear fea-
tures in North Dakota that are not resolved by most topographic and veg-
etation datasets. Therefore, models struggled to accurately represent
those processes in that landscape.

Field-measurement validation of models was labor intensive, and there
was a great need to develop more streamlined methods. To improve our
modeling results, we explored several other methods that were outside the
scope of our initial project. These methods included using remote-sensing
imagery, snow patterns, and photogrammetry analysis; and we found that
they have a great potential to improve modeling output. We identify these
as research gaps that future efforts should address. Appendix A.5 presents
some initial results from these methods.

The YTC landscape is dominated by sagebrush steppe and is increasingly
exposed to natural and human-caused fires that kill sagebrush, shifting ar-
eas of the landscape toward annual and perennial grasslands. As an addi-
tional task from an In-Progress-Review meeting, we were asked to provide
a white paper, “Interactions among Snow, Sagebrush, and Greater Sage-
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Grouse” (see a summary of this in Appendix A.7). This white paper ex-
plores impacts of snow on sagebrush (Artemisia tridentata) and greater
sage-grouse (Centrocercus urophasianus) and their interactions. That pa-
per also identified crucial research gaps linking fire, snow, and loss of
sagebrush on greater sage-grouse. A summary of that white paper is in Ap-
pendix A.6. In short, our recommendation was to better understand snow,
sagebrush, and sage-grouse interactions to identify range vulnerabilities,
to develop management tools, and to aid best management practices that
prevent deleterious sage-grouse impacts on DoD-managed landscapes.

This study presents both a historical perspective and a forecast of snow
and river discharge climatology in the Western U.S. at selected military in-
stallations. Moreover, this work provides insight into trends in streamflow
and IDF curves and the importance of addressing a changing climate in
the designs of future infrastructure. Our field and modeling methods are
transferable to a myriad of locations where snowmelt and its subsequent
runoff present a challenge to infrastructure planning and maintenance.
This will help DoD to further define the impacts from a changing climate,
thus allowing for development of mitigation or adaptation strategies, lead-
ing to lowered operational costs.
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Appendix A: Supplementary Material

A.1 Technical Approach

Table A-1. SNOTEL stations used in the snow-model
validation of SWE for the Washington site.

Site Name SNOTEL Number | Latitude | Longitude | Elevation (m)
Blewett Pass 352 47.35 -120.68 1,292
Bumping Ridge 375 46.81 -121.33 1,405
Cayuse Pass 1085 46.87 -121.53 1,597
Fish Lake 478 47.54 -121.09 1,045
Green Lake 502 46.55 -121.17 1,804
Grouse Camp 507 47.28 -120.49 1,643
Morse Lake 642 46.91 -121.48 1,649
Olallie Meadows 672 47.37 -121.44 1,228
Sasse Ridge 734 47.38 -121.06 1,323
Sawmill Ridge 1068 47.16 -121.42 1,414
Stampede Pass 788 47.27 -121.34 1,173
Tinkham Creek 899 47.33 -121.47 911
Trough 832 47.23 -120.29 1,670
White Pass E.S. 863 46.64 -121.38 1,353

Table A-2. SNOTEL and meteorological stations used in the
snow-model validation of SWE for the Colorado site.
Site Name Latitude Longjtude |Elevation (m)
Canon City 38.46 -105.23 1,639
Colorado Springs Airport 38.81 -104.69 1,884
Eastonville 2 NNW 39.11 -104.60 2,198
Fowler 1 SE 38.12 -104.01 1,320
Glen Cove (SNOTEL station #1057) 38.88 -105.07 3,493
Karval 38.74 -103.54 1,547
La Junta 20S 37.75 -103.48 1,283
Lake George 8 SW 38.91 -105.47 2,606
Las Animas 38.06 -103.22 1,186
Limon Hass Ranch 39 -103.74 1,678
Pueblo Memorial Airport 38.29 -104.50 1,439
Rocky Ford 2 SE 38.04 -103.69 1,271
Ruxton Park 38.84 -104.97 2,758
Trinidad 37.18 -104.49 1,838
Walsenburg 1 NW 37.63 -104.80 1,920
Westcliffe 38.13 -105.47 2,396
Whiskey Creek 37.21 -105.12 3,115
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Table A-3. Meteorological stations used in the snow-model
validation of SWE for the North Dakota site.

Site Name Latitude | Longitude |Elevation (m)
Adams 7 SSW 48.33 -98.12 476
Agassiz Refuge 48.30 -95.98 348
Crookston NW Exp Station 47.80 -96.60 271
Grand Forks Air Force Base 47.97 -97.40 278
Grand Forks International Airport 47.94 -97.18 257
Larimore 4SW 47.87 -97.711 351
Mahnomen 47.31 -95.97 369
Mayville 47.50 -97.35 300
McVille 47.76 -98.18 447
Grand Forks 0.6 SW 47.91 -97.08 254
Thorhult 48.21 -95.25 377

Table A-4. Station name/code for analysis, station number, latitude (lat.), longitude (long.),
length of gage record, number of years, and drainage basin size for the Washington site. The
time period and number of years are for the peak flow analysis.

Basin
Station Name Station Length | Size
(Code for Analysis) Number Lat. Long. | Time Period (yr) (km2)
Yakima River at Cle Elum 12479500 |47.19 |-120.95|1907-1990| 672 | 1,300
Naneum Creek near Ellensburg | 12483800 |47.13|-120.48| 1957-1977| 19° 178
Yakima River at Umtanum 12484500 |46.86|-120.48| 1906-2019 | 97¢ | 4,128
(YAKUM)
American River near Nile (AME) | 12488500 |46.98|-121.17|1909-2019| 71¢ | 205
Tieton River at Canal Headworks | 15195500 (46.67|-121.00| 1908-1977| 65¢ | 622
near Naches
Naches River near North Yakima | 12499000 (46.63|-120.52|1900-1990 16f 2,865
Yakima River above Ahtanum
Crook at Uniom G (YAKUN) 12500450 |46.53|-120.47|1967-2019| 44¢ | 9,011
North Fork Ahtanum Creek near | 1 »504500 [46.56|-120.92| 1908-1979| 550 | 180
Tampico
SF Ahtanum Creek at Conrad | 15501000 46.51|-120.921915-1977| 421 | 65
Ranch near Tampico
f\::ﬁr&m CreekatUnionGap | 15505500 |46.54|-120.47|1908-2019| 61 | 446

a Missing years: 1907, 1912, 1918, 1922, 1934, 1960, 1976, 1978-1987.

b Missing years: 1963, 1973.

¢ Missing years: 1907, 1912, 1918, 1922, 1924, 1928, 1934, 1947, 1960, 1963, 1973, 1976, 1978, 1981, 1987,

1991, 2000.

d Missing years: 1910-1939, 1942, 1950, 1973, 1976, 1978, 1981, 1991, 2000, 2007, 2016.
e Missing years: 1910, 1922, 1925, 1934, 1976.
f Missing years: 1907, 1910-1911, 1915-1986.
g Missing years: 1973, 1976, 1978, 1981, 1987, 1991, 1997, 2000, 2016.
h Missing years: 1909, 1922-1931, 1934, 1947, 1963, 1973, 1976, 1978.
i Missing years: 1925-1930, 1934, 1947, 1963, 1973, 1976.
i Missing years: 1909, 1911, 1915-1951, 1953-1959, 1973, 1978, 1981, 1988, 2018.
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Table A-5. Station names/code for analysis, station number, regulated streamflow (i.e.,
percentage for flow management) in percentage of area basin, latitude (lat.), longitude (long.),

length of gage record, number of years, and drainage basin size for the Colorado site. The

time period and number of years are for the peak flow analysis.

Animas (PTLA)

Basin
Station Name Station | Regulated Length| Size
(Code for Analysis) Number (%) Lat. Long. | Time Period | (yr) (km2)
'ﬁg"ercreek above Highway | 17099060 | 0 | 38.49 |-104.00/ 1991-2019| 272 | 357
Beaver Creek near Portland 07099100 0 38.37 [-104.96| 1971-1981 | 11 554
Turkey Creek above Teller
Reservoir near Stone City 07099230 0 38.47 |-104.83| 1978-2017 | 37b 161
(TURK)
Fountain Creek near Colorado | 744370 0 |3885|-104.88/1958-2019| 61c | 264
Springs (FNCS)
Monument Creek above North
Gate Bivd. at USAF Academy | 07103780 0 |3903|-104.85/1985-2019| 35 | 212
(MCUSAF)
Monument Creek at Bijou St. at _ B
Corade Sorines (MOCS] 07104905 | 2.5 | 38.84 |-104.83|2003-2019| 17 | 609
Fountain Creek at Colorado | 47145500 | 15 | 38.82 |-104.82| 1976-2019 | 44 | 1,015
Springs (FCCS)
(FFO(;‘F”)ta'” Creek near Fountain | 7106000 | 1.3 | 38.60 |-104.67|1939-2019| 52¢ | 1,740
(FFOé‘E)ta'” Creek near Pifion 07106300 | 1.0 | 38.44 |-104.59|1973-2019| 47 | 2,240
F;J%it)o're River nearThatcher | 7155300 | 372 | 37.36 |-103.90| 1965-2019 | 53¢ | 5012
Purgatoire River at Rock _ _ ¢
e oar Tonae (PRRCT) | 07126485 | 25.8 | 37.62 |-103.59| 1984-2019| 36 | 6,825
Purgatoire River near Las 07128500 | 20.7 | 38.03 |-103.20|1922-2019| 71¢ | 9,073

a Missing year: 2016.
b Missing years: 2013-2015.
¢ Missing year: 1995.
d Missing years: 1956-1984.
¢ Missing years: 2009, 2016.
f Missing years: 2009, 2016.

g Missing years: 1924, 1931-1948, 2016.
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Table A-6. Station name/code for analysis, station number, latitude (lat.), longitude (long.),
length of gage record, number of years, and drainage basin size for the North Dakota site. The
time period and number of years are for the peak flow analysis.

Station Name Station Basin Size

(Code for Analysis) Number Lat. | Long. | Time Period | Length (yr) (km?2)
Turtle River at Turtle River State | 55087625 |47.93|-97.51|1993-2019| 27 805
Park near Arvilla (TUR)
Salt Water Coulee tributary near | 505500 | 47.88|-97.37|1955-1973| 18 57
Emerado
Salt Water Coulee near Emerado 05082700 |47.93|-97.26|1950-1973 20b 285
Freshwater Coulee near Emerado 05082900 |47.93|-97.23|1955-1973 19 80
Turtle River at Manvel 05083000 |48.08|-97.18|1945-1970| 25 1,588
Middle branch Forest Rivernear | ;5403600 (48.25(-98.12[1961-1990| 30 124
Whitman
Forest River near Fordville (FOR) 05084000 |48.20|-97.73|1940-2019 80 1,181
Forest River at Minto (MIN) 05085000 |48.29|-97.37[1882-2019|  80¢ 1,917
South branch Park River below 05089000 |48.40|-97.78|1950-1994| 45 585
Homme Dam
Park River at Grafton (PAR) 05090000 |48.42|-97.41[1931-2003|  90¢ 1,801

a Missing years: 1968.
b Missing years: 1951-1954.

¢ Missing years: 1883-1896, 1898-1906, 1908-1915, 1917-1943.

d Missing years: 1883-1897, 1898-1931.

Table A-7. Station name, station number, latitude (lat.), longitude (long.), length of

meteorological record, and number of years for the Washington site.

Station Station number.| Lat. Long. |Elevation (m)| Start-End |Length (yr)
Cle Elum USC00451504 | 47.19 |-120.91 579 1899-2019| 102
Ellensburg Bowers Field USW00024220| 47.03 |-120.53 538 1941-2019| 39°b
Ellensburg USC00452505 | 46.97 |-120.54 451 1894-2019| 107¢
Moxee City USC00455688 | 46.51 |-120.17 472 1947-2014| 644
Priest Rapids Dam USC00456747 | 46.65 |-119.91 131 1957-2019| 54e
Quincy USC00456880 | 47.22 |-119.85 392 1943-2018 70
Selah 2 USC00457522 | 46.67 |-120.50 341 1999-2019 21
Smyrna USC00457727 | 46.84 |-119.66 171 1952-2007 50¢
Stampede Pass USW00024237| 47.28 |-121.34 1,207 1944-2019| 64h
Wapato USC00458959 | 46.44 |-120.42 256 1916-2011 87i
Yakima Airport USW00024243| 46.57 |-120.54 324 1947-2019 73

a Missing years:

b Missing years: 1959-1998.

¢ Missing years:
d Missing years:
e Missing years:
f Missing years:
g Missing years:
h Missing years:
i Missing years:

1938, 1941-1953, 1972-1973, 2003-2005.

1948, 1981-1983, 2015-2017.

1987, 1997-1998, 2002-2005, 2007 -2008.

1945, 1965, 1982, 2006-2008.
1966-1970, 1992.
1989-1991, 1994-1997, 2014-2017.

1935, 1941, 1946, 1954-1956, 1959, 1969, 1989, 2000, 2002-2009, 2015.

1922-1923, 1925, 1928-1931, 1935-1940, 1989, 1998-1999, 2005-2006, 2008-2009.
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Table A-8. Station names, station number, latitude (lat.), longitude (long.), length of
meteorological record, and number of years for the Colorado site.

Station Station Number| Lat. Long. |Elevation (m)| Start-End |Length (yr)
Canon City USC00051294 [38.46|-105.23 1,639 1894-2019 1,122
Cheesman USC00051528 [39.22|-105.28 2,097 1903-2019 117
Colorado Springs Municipal Airport |USW00093037 [38.81|-104.69 1,884 1948-2019 72
Florissant Fossil Bed USC00052965 |38.91|-105.28 2,561 1989-2019 31
Guffey 10 SE USC00053656 |38.68|-105.39 2,620 1951-2006 54b
Palmer Lake USC00056280 |39.12(-104.92 2,195 1966-2019 21¢
Pueblo Memorial Airport USW00093058|38.29(-104.51 1,441 1954-2019 664
Pueblo Reservoir USCO00056765 (38.26|-104.72 1,482 1976-2019 44
Ruxton Park USCO0057309 |38.84|-104.97 2,762 1960-2019 60
La Junta USC00054724 |37.98 |-103.54 1,246 1996-2019 24
LaJunta 20 S USCO00054726 | 37.75|-103.48 1,283 1983-2019 37
La Junta Municipal Airport USWO00023067|38.05(-103.51 1,278 1946-2019 72¢
Las Animas USC00054834 |38.06|-103.22 1,186 1893-2019 127
Rocky Ford 2 SE USCO00057167 |38.04|-103.69 1,271 1893-2019 125f
Trinidad Airport USWO00023070 |37.26 |-104.34 1,750 1948-2019 72
a Gap between years: 1921-1922, 1933, 1976-1978, 1982, 1984, 1987, 1994-1995, 2000-2001, 2006.
b Gap between years: 1953-1954.
¢ Gap between years: 1977, 1983, 1986-2007, 2010-2017.
d Gap between years: 1973.
e Gap between years: 1982, 1996.
f Gap between years: 1897, 1899.
Table A-9. Station names, station number, latitude (lat.), longitude (long.), length of
meteorological record, and number of years for the North Dakota site.
Station Station Number | Lat. | Long. |Elevation (m)| Start-End |Length (yr)
Argyle USC00210252 |48.33|-96.83 258 1949-2016 68
Adams 7 SSW USC00320022 |48.33|-98.12 476 1949-2015 67
Cavalier USC00321435 |48.86|-97.70 274 1935-2019 85
Drayton USC00322312 |48.56|-97.18 244 1968-2000 253
Edmore 4 NW USC00322525 (48.46(-98.52 469 1906-2013 88p
Grafton USC00323594 (48.42|-97.42 252 1893-2004 112
Grand Forks International Airport USWO00014916 (47.94|-97.18 257 1942-2019 78
Grand Forks University NWS USC00323621 |47.92|-97.10 253 1893-2019 127
Hallock USC00213455 |48.77 |-96.94 248 1900-2019 103¢
Langdon Experimental Farm USC00324958 |48.76|-98.34 492 1914-2012 99
Larimore USC003245013|47.87 | -97.71 351 1897-2004 854
Petersburg 2 N USC00327027 |48.04|-98.01 467 1933-2019 85¢

a Gap between years:
b Gap between years
¢ Gap between years
d Gap between years
¢ Gap between years

:1984-1991.

:1912-1931, 1994.

1 1996-2013.

1 1906-1909, 1911, 1944-1945, 1949-1951, 1970-1971, 1973-1976, 1978-1979, 1982-1986.
1 1932-1943, 2016-2017.
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A.2 Results and Discussion for Washington

Figure A-1. VIC and SnowModel SWE model output compared to SNOTEL stations from
1979 to 2015, Washington.
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Figure A-1 (cont.). VIC and SnowModel SWE model output compared to SNOTEL stations
from 1979 to 2015, Washington.
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Figure A-1 (cont.). VIC and SnowModel SWE model output compared to SNOTEL stations
from 1979 to 2015, Washington.
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Figure A-2. Return period of annual peak flow and upper- and lower-boundary 95% CL for the USGS gages in the Washington site.
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Table A-10. Streamflow trends (maximum and minimum) for the Washington site. Percentile interval values are in

parentheses, and the >90th percentile intervals are bolded.

Station Name (Code for Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec JFM AMJ JAS OND Year

Analysis, USGS Number) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Maximum Streamflow Difference

E?Tt‘ti;“nauﬂv(i;&blw 19 16 17 | -13 | 27 | -19 | 34 39 8 21 | 26 3 25 | -28 | 30 4 -12

12484500) ' (0.32) | (0.19) | (0.13) | (0.43) | (0.19) | (0.38) | (0.00) | (0.00) | (0.59) | (0.16) | (0.03) | (0.68) | (0.09) | (0.11) | (0.00) | (0.43) | (0.70)

American River near 39 17 31 16 -3 -24 -33 -17 -19 6 27 2 68 -3 -32 25 10

Nile (AME; 12488500) (0.03) (0.35) | (0.03) | (0.42) | (0.82) | (0.15) | (0.10) (0.21) (0.09) (0.59) (0.08) (0.91) (0.01) | (0.57) | (0.11) (0.22) (0.52)

Yakima River above

Ahtanum Creek at -23 -18 15 31 6 -29 -10 -3 -15 16 26 9 10 5 -7 10 0

Union Gap (YAKUN, (0.35) | (0.40) | (0.73) | (0.27) | (0.83) | (0.29) | (0.42) | (0.49) | (0.03) | (0.03) | (0.02) | (0.89) | (0.79) | (0.82) | (0.55) | (0.56) | (0.97)

12500450)

ﬁﬂfgg‘gg CE;‘Z’}S}\I 17 | —25 | 10 28 | 39 | -13 | -16 8 5 32 23 -2 -9 2 | -11 10 -2

1250250%) ! (0.41) (0.65) (0.72) (0.28) | (0.12) | (0.87) | (0.53) (0.67) (0.71) (0.43) (0.33) (0.60) (0.85) (0.40) | (0.66) (0.87) (0.97)
Minimum Streamflow Difference

Ef;‘t‘g“naugv(%iblw 45 42 22 7 | -16] o 39 23 | -49 | 60 68 33 54 12 | -46 | 74 80

12484500) ! (0.02) (0.01) | (0.06) | (0.50) | (0.41) | (0.93) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.02) | (0.00) | (0.27) | (0.00) (0.00) | (0.00)

American River near 23 23 20 27 3 =17 -20 -13 -6 -14 2 -21 21 25 -6 -13 -8

Nile (AME; 12488500) (0.17) (0.04) | (0.10) | (0.03) | (0.55) | (0.32) | (0.14) (0.18) (0.32) (0.18) (1.00) (0.19) (0.12) (0.05) | (0.40) (0.12) (0.25)

Yakima River above

Ahtanum Creek at 25 9 15 31 1 -8 0 -10 -13 25 32 34 36 20 -13 38 45

Union Gap (YAKUN, (0.10) | (0.69) | (0.60) | (0.14) | (0.89) | (0.75) | (0.96) | (0.09) | (0.04) | (0.05) | (0.02) | (0.01) | (0.07) | (0.39) | (0.04) | (0.01) | (0.00)

12500450)

ﬁ?\fgg”&g C[jﬁ’;j& -46 | -41 | -27 1 7 | -16 | -11 16 8 14 -7 | -a8 | -a1 | -15 11 —11 0

1250250%) ! (0.04) (0.14) (0.56) (0.74) | (0.57) | (0.72) | (0.64) (0.65) (0.59) (0.64) (1.00) (0.04) (0.07) | (0.64) | (0.79) (0.67) (0.92)

8-TC-d1 134¥2/0ay3
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= AMJ; third row = JAS; fourth row =

JFEM; second row

year [YR]) GEV results for Washington sites. Return intervals (T
, 50, and 100 years) from the GEV fits are shown in dashed /ines.

Figure A-3. Maximum streamflow (Zop
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Figure A-4. Annual maximum daily precipitation depths for meteorological stations in the
Washington site.

| L1 1 0 p Luvrummmmm g | L1 1 1 1P Lrurmmnmum i I T I I W AR WAV}
250 — — — - -
Cle Elum Ellensburg ]Ellensburg Bowers Field
£ 200 - — -
E
D% 150 —| - - - -
=
T 100 — — — — — -
5
<
50 - — —
0 . 44— M—
Y I W W AT WY Y I W AT WA ATHAY I W AT T T AHTNTHAY
250 — - = : : — - = T
Moxee City 10 E Priest Rapids Dam Quincy
T 200 — - - -
E
o 150 - H : —  — : . - — L) —
3
=
§ 100 - - i 1 — H ———— H i |-
§ ®
§ I __/‘ﬂg_
0 — ~Tr T T T T T T TTTTImmmm T
I I W W AT WA Y I I AT WA TITHAIY
250 - — -
Selah 2 NE
T 200 — - -
E
% 150 —| - — —
=
T 100 | - - o
£
<C
50 — ~ - -
L1 NI 1.001 1.1 1.52 5 1015 3050 100
250 - -
Yakima Airport Return Period, T (yr)
< 200 — — — — @ Historical Precipitation
£ —— Upper CL Boundary
o 150 - L I i L —LowerQLBoundary
= — Trend line
=
T 100 i ; =
5
<
50 — — — :T—
0%_ s

1.001 1.1 1.52 5 1015 3050 100 1.001 1.1 1.52 5 1015 3050 100

Return Period, T (yr) Return Period, T (yr)



ERDC/CRREL TR-21-8

A.3 Results and Discussion for Colorado

Figure A-5. VIC and SnowModel SWE output compared to SNOTEL and meteorological
stations from 1979 to 2015, Colorado.
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Figure A-5 (cont.). VIC and SnowModel SWE output compared to SNOTEL and
meteorological stations from 1979 to 2015, Colorado.
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Figure A-5 (cont.). VIC and SnowModel SWE output compared to SNOTEL and
meteorological stations from 1979 to 2015, Colorado.
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Figure A-5 (cont.). VIC and SnowModel SWE output compared to SNOTEL and
meteorological stations from 1979 to 2015, Colorado.
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Figure A-6. Return period of annual peak flow and upper- and lower-boundary 95% CL for
the USGS gaged rivers in the Colorado site.
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100

Figure A-7. (g) Maximum and (6) Minimum streamflow (Q) trends (%) for the
USGS stations in Colorado. Circlesindicate the trends for 12 days,
rectangles indicate seasonal results, and the annual trend is given in the
lower left box. Statistical significance is shown: the 99th percentile (dark
gray), the 95th percentile (/ight gray), and nonsignificant results (white).

Midmonth dates are shown on the x-axis.

Sites are ordered by basin size.
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Figure A-7 (cont.). (g8) Maximum and (b) Minimum streamflow (Q) trends (%)

for the USGS stations in Colorado. Circles indicate the trends for 12 days,
rectangles indicate seasonal results, and the annual trend is given in the
lower left box. Statistical significance is shown: the 99th percentile (dark
gray), the 95th percentile (/ight gray), and nonsignificant results (white).
Midmonth dates are shown on the x-axis. Sites are ordered by basin size.
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Table A-11. Streamflow trends (maximum and minimum) for the Colorado site. Percentile interval values are in parentheses,

and the >90th percentile intervals are bolded.

Station Name (Code for Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec JFM AMJ JAS OND Year
Analysis, USGS Number) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Maximum Streamfiow Difference

Turkey Creek at Teller Res. -117 | -129 -91 -5 -5 -9 -21 -13 -28 -10 -21 -97 -103 -16 -39 -18 -1
near Stone City (TURK,

07099230) (0.05) | (0.09) | (0.04) | (0.01) | (0.00) | (0.00) | (0.03) | (0.00) | (0.00) | (0.01) | (0.00) | (0.01) | (0.03) | (0.00) | (0.00) | (0.00) | (0.03)
Fountain Creek near 48 56 55 24 12 -25 22 25 20 10 40 66 56 -5 23 7 7
Colorado Springs (FNCS,

07103700) (0.01) | (0.00) | (0.00) | (0.11) | (0.40) | (0.17) | (0.48) | (0.37) | (0.17) | (0.47) | (0.09) | (0.01) | (0.00) | (0.75) | (0.43) | (0.60) | (0.63)
Monument Creek above 0 -22 -24 -13 -12 -61 12 37 23 -11 -41 -24 -31 -30 53 -41 -7
North Gate Blvd. at USAF

Academy (MCUSAF, (0.72) | (0.64) | (0.38) | (0.36) | (0.41) | (0.06) | (0.84) | (0.13) | (0.13) | (0.91) | (0.14) | (0.44) | (0.27) | (0.16) | (0.13) | (0-10) | (0.62)
07103780)

Monument Creek at Bijou 46 66 121 -17 87 -41 45 -12 3 8 22 42 111 23 -12 -5 13
Street at Colorado Springs

(MCCS, 07104905) (0.77) | (0.02) | (0.17) | (0.84) | (0.03) | (0.69) | (0.09) | (0.49) | (0.84) | (0.69) | (0.37) | (0.20) | (0.14) | (0.55) | (0.77) | (0.92) | (0.49)
Fountain Creek at Colorado 56 60 60 28 16 9 64 65 32 34 55 58 45 19 68 37 31
Springs (FCCS, 07105500) | (0.05) | (0.01) | (0.04) | (0.26) | (0.71) | (0.98) | (0.01) | (0.00) | (0.01) | (0.20) | (0.03) | (0.07) | (0.10) | (0.45) | (0.00) | (0.16) | (0.09)
Fountain Creek near -2 8 15 23 7 -17 63 28 17 13 9 24 16 5 38 -9 34
Fountain (FCF, 07106000) | (0.79)| (0.59) | (0.91) | (0.33) | (0.89) | (0.22) | (0.14) | (0.33) | (0.15) | (0.70) | (0.19) | (0.31) | (0.96) | (0.55) | (0.00) | (1.00) | (0.07)
Fountain Creek near Pifion 21 27 42 30 20 -1 100 36 38 54 64 28 28 6 70 40 41
(FCP, 07106300) (0.13) | (0.03) | (0.04) | (0.14) | (0.60) | (0.70) | (0.01) | (0.41) | (0.00) | (0.01) | (0.06) | (0.17) | (0.08) | (1.00) | (0.00) | (0.02) | (0.05)
Purgatoire River near -58 -11 33 5 -6 -18 -33 -33 -8 4 -6 -31 19 -23 -30 -3 -36
Thatcher (PURT, 07126300) | (0.05) | (0.37) | (0.01) | (0.77) | (0.62) | (0.38) | (0.11) | (0.36) | (0.98) | (0.47) | (0.98) | (0.19) | (0.25) | (0.29) | (0.54) | (0.66) | (0.23)
Purgatoire River at Rock -125 | -436 7 -38 -51 -8 -6 -6 -59 6 -199 | -1002 | -203 4 =25 35 -16
Crossing near Tildas

(PRRCT, 07126485) (0.32) | (0.26) | (0.93) | (0.61) | (0.41) | (0.32) | (0.61) | (0.32) | (0.26) | (0.93) | (0.61) | (0.41) | (0.50) | (0.93) | (0.50) | (0.93) | (0.50)
Purgatoire River near Las -18 -48 43 15 -9 -29 -110 -83 -4 14 15 -41 7 -23 -101 3 =75
Animas (PTLA, 07128500) | (0.35)| (0.17) | (0.00) | (0.01) | (0.22) | (0.02) | (0.01) | (0.02) | (0.62) | (0.22) | (0.48) | (0.16) | (0.58) | (0.03) | (0.26) | (0.58) | (0.14)
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Table A-11 (cont.). Streamflow trends (maximum and minimum) for the Colorado site. Percentile interval values are in

parentheses, and the >90th percentile intervals are bolded.

Station Name (Code for Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec JFM AMJ JAS OND Year
Analysis, USGS Number) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Minimum Streamfilow Difference
Turkey Creek at Teller Res. -92 -115 -130 -32 -15 -20 -34 -16 -28 -48 -45 -98 -103 -58 -61 -59 -321

near Stone City (TURK,

07099230) (0.07) | (0.05) | (0.05) | (0.04) | (0.45) | (0.00) | (0.00) | (0.00) | (0.00) | (0.01) | (0.02) | (0.02) | (0.04) | (0.00) | (0.00) | (0.03) | (0.04)
Fountain Creek near 69 61 44 37 15 9 11 17 19 39 64 73 73 19 15 52 41
Colorado Springs (FNCS,

07103700) (0.01) | (0.00) | (0.01) | (0.05) | (0.36) | (0.63) | (0.51) | (0.93) | (0.54) | (0.10) | (0.01) | (0.01) | (0.00) | (0.44) | (0.41) | (0.04) | (0.08)
Monument Creek above 37 38 22 4 14 19 86 81 82 80 50 50 38 38 100 74 110
North Gate Blvd. at USAF

30781%63% (OI\;ICUSAE (0.07) | (0.01) | (0.28) | (0.91) | (0.79) | (0.33) | (0.00) | (0.02) | (0.01) | (0.00) | (0.16) | (0.15) | (0.03) | (0.33) | (0.00) | (0.01) | (0.01)
Monument Creek at Bijou 920 85 80 76 53 82 96 76 89 108 94 92 97 97 106 94 111
Street at Colorado Springs

(MCCS, 07104905) (0.01) | (0.00) | (0.06) | (0.20) | (0.43) | (0.23) | (0.07) | (0.03) | (0.09) | (0.02) | (0.01) | (0.01) | (0.00) | (0.28) | (0.14) | (0.04) | (0.14)
Fountain Creek at Colorado 101 118 98 70 27 20 70 83 89 90 99 98 122 68 97 109 121
Springs (FCCS, 07105500) | (0.06) | (0.00) | (0.00) | (0.02) | (0.26) | (0.57) | (0.01) | (0.02) | (0.02) | (0.03) | (0.01) | (0.01) | (0.00) | (0.07) | (0.01) | (0.02) | (0.07)
Fountain Creek near 31 19 0 24 22 31 69 96 43 69 25 26 21 44 81 73 92
Fountain (FCF, 07106000) | (0.51)| (0.96) | (0.41) | (0.33) | (0.27) | (0.39) | (0.00) | (0.29) | (0.33) | (0.02) | (0.53) | (0.12) | (0.47) | (0.18) | (0.01) | (0.03) | (0.01)
Fountain Creek near Pifion 99 87 80 87 54 68 119 157 160 136 124 89 106 139 138 143 170
(FCP, 07106300) (0.01) | (0.01) | (0.05) | (0.01) | (0.00) | (0.00) | (0.00) | (0.03) | (0.01) | (0.00) | (0.01) | (0.08) | (0.01) | (0.00) | (0.00) | (0.00) | (0.00)
Purgatoire River near 34 21 27 6 24 24 -8 -8 -1 -10 7 11 28 15 0 -2 0
Thatcher (PURT, 07126300) | (0.61) | (0.79) | (0.75) | (0.93) | (0.40) | (0.42) | (0.77) | (0.70) | (0.98) | (0.64) | (0.65) | (0.91) | (0.64) | (0.69) | (0.95) | (0.79) | (0.72)
Purgatoire River at Rock -75 -27 -15 -15 -49 -74 -413 | -149 -63 -22 -14 -46 -38 =70 -141 -44 -120
Crossing near Tildas

(PRRCT, 07126485) (0.03)| (0.55) | (0.82) | (0.31) | (0.08) | (0.02) | (0.00) | (0.03) | (0.55) | (0.82) | (0.31) | (0.08) | (0.21) | (0.04) | (0.21) | (0.04) | (0.21)
Purgatoire River near Las 72 85 71 54 52 35 17 15 26 35 51 46 96 53 13 28 41
Animas (PTLA, 07128500) | (0.05) | (0.05) | (0.21) | (0.00) | (0.00) | (0.01) | (0.44) | (0.79) | (0.32) | (0.51) | (0.36) | (0.35) | (0.18) | (0.00) | (0.66) | (0.52) | (0.29)
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Figure A-8. Maximum streamflow (fop = JFM; second row = AMJ; third row = JAS; fourth row =
OND; fifth row= YR) GEV results for Colorado stations. Return intervals (T = 2, 5, 10, 20, 50,
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Figure A-8 (cont.). Maximum streamflow (Zop = JFM; second row = AMJ; third row = JAS;
fourth row= OND; fifth row= YR) GEV results for Colorado stations. Return intervals (T =
2,5, 10, 20, 50, and 100 years) from the GEV fits are shown in dashed /ines.
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AMJ; third

YR) GEV results for Colorado

JFEM; second row

Figure A-8 (cont.). Maximum streamflow (zop

= OND; fifth row=

fourth row

= JAS;
stations. Return intervals (T

row

2,5, 10, 20, 50, and 100 years) from the GEV

fits are shown in dashed lines.

W4r Y SVl dA
] ] . L) L) ] L] o §
(&2 | Y m 12 | . 2| g ! " s e | 2| | $ :
= ] ] =] '
I | v u-o. “h _ S e “ | 8P : :
1 - = ¢ o -
I (Y 1 L sl b
_ I . | X gl1 I 8 Pl
I 1 i 21 | | 9 [ Y, = |l | 2 (1 | ] ‘
| | ‘._ I}. * - 1 | h I ! h. ' . ' = | | | | ' gt
[ [ © 5 4 .. S| | : 2 [ e 2|1 | 2 [t | b1 4
T T T T T T T =TT T Q=TT T T T T =9 T S ST T T
obL ool 09 0c 0 005  00SL ooot 009 00c 0 08 09 00SZ  00S) 005 0
WL 10} (S /W) mojjieans xep WLd Jo} (s f W) mopuwiesns xely V1ld o} nm?c: MOPUIESS XBJ V1Ld 104 (s /. w) moyweans xepw V1Ld J0} (/W) mopuieans xepy
€ 3 ._m \m
T e oo e} . w0 T 1gu=0T® 0 [ 2] v 10
EEEE 1 = == I 2 ey
v PR < = &5 v
[ T R ~ N a4 I T PO A i I
= [ glt 1+ ket g g v VU N
v =3 R S K1) aleee, [ & SO B s s oL
¢ ———1 | | . A \ T v Tt
Ly mEe=esl | N A P B R e~
| i L el 2|l | . N [ R - - 8| 4 1, ==
T , T T T = T T = R R R T iy e A - M A S e B B B B
oF 0€ 0z 0L 0 00¢ o0sk 00L 0S5 0O ozl 08 09 O 02 O sz 0z S ozl 08 09 OF 0T
LOHYd 10} (5 /W) moyweans xepy L0ud 0} (S f ui) mojjuiesis xe LOH¥d 40} (s ul) mouess Xep 1OM¥d o) (s f W) mojjwesis xely 10Hd 10} (5 W) mojuesns xein
' L 1] ' o |y o > 0] = ) v v o ga?3
2 1 : . ol | I 21 l +=a8l 2o |! | =T 1 ot
—t=20 S o [ | 4
= A & | ! : Rl o« V1t SRl [ S P T
| ——’ ' 1 | &=y
| [ WA=} = _ " ; gph o ! " o |! [ gt v 1 INSE
| [ Lo1sgel =) | _ S0 s g e _ FAU 11 e
. ' ! oy ——3
A I glb v TNl S
| | [ 5 8 21 | 0 & | | o [ | i+ P
_ T 1 1 T = I T T T T - T T T , T — T
o0 ©0c 02 0L 0 goe  oge 008 00¢ 00l 0 00L 08 09 Oy 0T 00S 00F 00E 00Z 004 O

Lund Jo) {sf ) moyweass xen

14Nd 10} ﬁw\m:: Mojuesls Xen

LYNd 104 s/ W) mopLueans xep

1¥nd 1o} ??Ew Mojjuesns xe

14Nd o} ?PEU mopuweans xew

1980 2010

1950

2000 2015

1985

1990 2010

1970



ERDC/CRREL TR-21-8

107

Figure A-9. Annual maximum precipitation depths for meteorological stations in
the Colorado site. The site for this analysis was split up into the stations included

a)

in the vicinity of (g) Fort Carson and (b) the Pinon Canyon Maneuver Site.
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A.4 Results and Discussion for North Dakota
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Figure A-10. VIC and SnowModel SWE output compared to meteorological stations from
1979 to 2015, North Dakota.
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Figure A-10 (cont.). VIC and SnowModel SWE output compared to meteorological stations
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Figure A-11. Return period of annual peak flow for the gaged rivers in the North Dakota site.
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Table A-12. Streamflow trends (maximum and minimum) for the North Dakota site. Percentile interval values are in

parentheses, and the >90th percentile intervals are bolded.

Station Name (Code for | Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec JFM AMJ JAS OND
Analysis; USGS Number) | (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) | Year(%)
Maximum Streamflow Difference
Turtle River at Turtle
River State Park near 20 -2 -43 9 41 11 7 -6 14 5 17 28 -43 9 -3 4 -18
Arvilla (TUR)/ (0.89) | (0.79) (0.35) | (1.00) | (0.40) | (0.66) | (0.60) | (0.96) | (0.66) | (0.33) | (0.63) | (0.19) | (0.35) | (0.89) | (0.79) | (0.86) | (0.23)
50862625
rorest lZ“(’,fé;ear 104 | 57 15 3 | 33 | 30 | 34 | 77 | 60 | 87 | 74 | oa 15 2 | 3 | 74 | -8
5084000) ’ (0.00) | (0.00) | (0.32) | (0.87) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.31) | (0.94) | (0.01) | (0.00) | (0.80)
Forest River at Minto 199 93 19 2 38 42 55 82 72 87 92 133 19 12 47 77 10
(MIN, 5085000) (0.00) | (0.00) | (0.34) | (0.99) | (0.00) | (0.01) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.37) | (0.72) | (0.00) | (0.00) | (0.79)
Park River at Grafton 141 45 25 20 50 64 37 23 11 28 93 100 25 34 39 68 42
(PAR, 5090000) (0.00) | (0.00) | (0.03) | (0.32) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.03) | (0.15) | (0.00) | (0.00) | (0.09)
Minimum Streamflow Difference
Turtle Riverat Turtle 10 | 27 29 2 | 61 | 98 | 15 | -9 | 34 | 33 | 18 | 28 22 68 | 45 | 48 | 34
Anvila (TUR, 50862625) (0.96) | (0.54) | (0.27) | (0.51) | (0.13) | (0.05) | (0.77) | (0.63) | (0.08) | (0.07) | (0.28) | (0.09) | (0.54) | (0.03) | (0.07) | (0.03) | (0.31)
Eggih lzi‘(’l‘fggear 127 | 117 77 93 89 113 | 121 | 114 | 113 | 116 | 127 | 121 | 117 | 126 | 119 | 127 | 134
5084000) ’ (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00)
Forest River at Minto 198 207 151 108 67 102 143 145 147 164 134 204 180 144 148 210 195
(MIN, 5085000) (0.00) | (0.00) | (0.00) | (0.00) | (0.02) | (0.01) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.01) | (0.00) | (0.00)
Park River at Grafton 101 115 84 66 89 114 92 24 20 8 56 128 97 116 27 17 9
(PAR, 5090000) (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.01) | (0.00) | (0.00) | (0.00) | (0.00) | (0.00) | (0.01) | (0.08)
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Figure A-12. Maximum streamflow (fop = JFM; second row = AMJ; third row = JAS; fourth row
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A.5

Figure A-13. Annual maximum precipitation depths for meteorological stations in the
North Dakota site.
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Geospatial Show Analyses

A substantial validation gap exists in measured snow depths and SWE cal-
culations. This gap cannot be filled with week-long field campaigns and a
handful of cameras, and lidar or photogrammetry flights are expensive to
conduct. We sought to partially fill that validation gap with snow-pattern
analyses and high-resolution imagery to map snow distributions.

A method that has shown success in previous research studies is using
snow patterns for snow-model validation or to produce snow-depth
maps (Sturm and Wagner 2010). To normalize snow-depth patterns
from year to year, a standardized value (STD) can be derived from the
following equation:

STD = S2et), (A1)
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where

SD: = the snow depth (or SWE) at cell 1,
u = the mean, and
o = the standard deviation used in the pattern comparison.

We explored this method where we used snow-pattern recognition be-
tween the coarse (grid cell = 300 m) and fine-scale (grid cell = 30 m) snow
modeling for the YT'C, Washington, site (see subsection 3.2.2).

Figure A-14 compares the coarse grid simulations for the highest SWE

(3 March 1997) and 1 March 2017 for the finer-resolution grid cell simula-
tions. A striking similarity of the snow patterns between the two different
dates are shown and indicates that the snow models perform similarly for
a larger- and finer-scale grid cell (300 m vs. 30 m).

Figure A-14. Snow-pattern comparison at YTC,
Washington, between (&) coarse grid cell (300 m)
simulation (3 March 1997) and (b) fine grid cell (30 m)
simulation (1 Ma 2017). Solid black line outlines YTC.
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Satellite-imagery analysis consisted of two approaches. In the first, snow
extents of available high-resolution images were compared with snow-
model outputs. Unfortunately, this approach is limited by available im-
agery. Not all sites had imagery collected when there was snow present.
In fact, the Colorado site had zero stereo image collections with snow.
The second entailed using stereo photogrammetry, or structure from
motion (Deschamps-Berger et al. 2020; Nolan, Larsen, and Sturm 2015),
to calculate snow depths. This requires stereo data collections during sat-
ellite tasking.

Modeled snow depths were compared with coincident high-resolution sat-
ellite imagery at the Washington site (Figure A-15). The 2 February 2016,
12 January 2017, and 24 January 2017 comparisons show excellent agree-
ment for snow-covered and snow-free areas. The 12 January and 24 Janu-
ary 2017 dates show abundant protruding shrubs (20—80 cm high) under-
lain by snow. The image from 1 March 2017 looks mismatched, but snow
in agricultural clearings east and south of YTC betray the influence of
taller shrubs obscuring snow in the 30 m image. The 2 April 2017 image
shows modeled shallow snow lingering at higher elevations; but the snow
model shows a solid shallow patch, and the image has snow distributed in
ravines. In all, this comparison shows that general snow-on and snow-off
trends were represented in snow-model simulations.

Stereo photogrammetry has been used for over a century to map terrain.
As software has improved and high-resolution imagery has been available
to process stereo satellite images, an emerging application of this mapping
is the development of snow-depth maps (Nolan, Larsen, and Sturm 2015;
Deschamps-Berger et al. 2020). At a minimum, this approach requires
overlapping satellite-image collections of coincident snow-on and snow-off
areas whereby elevations can be differenced (Figure A-16).

Stereo pairs were available for our Washington and North Dakota study
sites. The Washington site was a larger area (360 km2) that encompassed
mountain topography and included shrubland and grasslands (Figure A-
17). At this location, snow is redistributed by wind and deposited into
drifts in ravines and swales. Analysis of stereo-pair imagery from 8 March
2017 produced a snow-depth map of this site that illustrated the snow-
depth features evident in the aerial image (Figure A-18). Unfortunately, no
field observations were available to make comparisons, and depths are
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likely biased toward being too deep; but with some corrections and analy-
sis with higher-resolution digital elevation models (e.g., derived from li-
dar), this effort’s accuracy could be improved greatly.

Figure A-15. Snow model and imagery comparison for the
Washington site. Solid white line outlines the YTC boundary.
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Figure A-16. Flow map of photogrammetry analysis.
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Figure A-18. Snow-depth map from the photogrammetry analysis, YTC, Washington.
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The analysis for the North Dakota site included GFAFB, and the total area
was smaller than YTC (50 km2compared to 360 kmz2). This site is flat ter-
rain that included agricultural and managed landscape (Figure A-19). This
environment is typically windy, where snow is redistributed into drifts and
on lee sides of shelterbelts, buildings, and obstacles. We produced snow-
depth maps from this area in which landscape features such as runway
snow piles and land cover shifts among crop types were identified (Figure
A-20). The depths appear to be more realistic for the terrain compared
with the YTC, Washington, effort, likely due to topography. Again, lidar-
derived terrain information and additional stereo collections would likely
improve this result.

This preliminary analysis shows promise in using this method for produc-
ing detailed snow-depth maps for these locations. Because no field data
were collected or available for the dates analyzed, we could not perform a
direct validation of snow depths, but results indicate that accuracy de-
creases with increased topographic relief and X, Y, and Z errors. To im-
prove results, future research is needed to decrease errors from shadows
and their impacts in the winter. Moreover, filtering changes in topography
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(e.g., plant stature in croplands) from snow differences would increase ac-
curacy in snow-depth estimation.
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Figure A-20. Snow-depth maps from the photogrammetry analysis at the (g) western
boundary of GFAFB and (b) airport at the GFAFB, North Dakota. B/ue /ine outlines GFAFB, and
the purple box is the zoomed figure to the right.
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A.6

Summary of white paper Interactions among Snow, Sagebrush,
and Greater Sage-Grouse

Snow, sagebrush, and sage-grouse are strongly intertwined, and future
prospects for all three are dire. Over 60 million hectares of the contiguous
United States is dominated by Artemisia tridentata’s six subspecies
(Meyer 2008), which currently inhabit landscapes characterized by warm,
dry summers and cold, snowy winters. Since sagebrush steppe occupies
relatively low-elevation basins, temperatures are warming and the precipi-
tation arriving as snow has declined (Brown and Mote 2009); this trend is
expected to continue (Klos et al. 2014). Sagebrush rangelands, which were
once expansive and uninterrupted, have been broken up, reduced, or oth-
erwise altered, thanks to fires, drought, development, grazing, and winter-
annual grass invasion (Miller et al. 2011). As a result, sage-grouse popula-
tions have also declined, and their range has been markedly reduced and
isolated over the last 65 years (Connelly et al. 2000; Pyke et al. 2015).
Sage-grouse are sagebrush obligates, requiring uninterrupted tracts of
sagebrush for their habitat, nesting, and winter survival.

In arid sagebrush steppe, snow deposition is the primary mechanism for
deep-soil water infiltration and storage (Bradford, Schlaepfer, and
Lauenroth 2014; Knight et al. 2014). Summer storms may bring greater
precipitation amounts, but they tend to be quickly used or lost from sur-
face soils in the warm, dry environment. Since protruding canopies can
also be warmed by solar radiation (Mahrt and Vickers 2005; Liston and
Hiemstra 2011a) between storms, midwinter snowmelt adjacent to sage-
brush creates local voids that can be filled by the next blowing-snow event
(Robertson 1947); repeated cycles of this accumulation and melt sequence
create local-scale soil moisture increases that are crucial to sagebrush hab-
itat (Liston and Hiemstra 2011a). Snow is expected to play a smaller role in
future shrubland winters, and whether increased winter rain will still yield
deep water infiltration is unknown. Growing evidence points to an increas-
ing proportion of precipitation arriving as rain instead of snow, potentially
resulting in fewer voids filled with snow from blowing snow events. The
implications of that impact on sagebrush landscapes need to be assessed.
With less precipitation becoming mobile (i.e., less deposition from blowing
snow), do areas that receive more windblown snow encounter drought
stress more easily? Are drifts shrinking in this environment? How does a
decline in snow and its redistribution by wind alter groundwater and im-
pact vital steppe riparian areas?
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A.7

Sagebrush steppe is an environment where snow sublimation is likely un-
derestimated. From the standpoint of sublimation, how has sagebrush area
loss, with its pronounced decline in stature, impacted water budgets in these
water-limited ecosystems? Is sublimation increasing in sagebrush steppe?

Sagebrush steppe exists on a number of Department of Defense lands, and
key remote-sensing and lidar datasets are available for many of those ar-
eas. These datasets would allow improved snow estimates in this land-
scape and would produce scientific dividends required to address potential
changes in sagebrush steppe.
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torical and future snow duration, rain-on-snow events, and snowmelt runoff. This decreasing trend in snowpack could reduce water re-
sources. A statistically significant increase in maximum streamflow for most rivers at the Washington and North Dakota sites occurred for
several months of the year. In Colorado, only a few months indicated such an increase. Future IDF curves for Colorado and North Dakota
indicated a slight increase in rainfall intensity whereas the Washington site had about a twofold increase. This increase in rainfall intensity
could result in major flood events, demonstrating the importance of accounting for climate changes in infrastructure planning.
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